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research  are  to  investigate  the  structure of atmospheric  turbulence in the 
region  of the  lower  atmosphere  including  and  extending  above  the  surface 
boundary  layer  into  the region  where stress  and  vertical  heat  flux  may  not  be 
considered  constant,  and  to  establish  interrelationships  between  turbulence 
parameters  for  the  region  of  the  atmospheric  boundary  layer  below a height  of 
approximately 500 m. This  research was conducted  by  the  Texas  A&M  University 
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1. INTRODUCTION 
The object ives  of t h i s  r e s e a r c h  a i e  t o  inves t iga te  the  s t ruc ture  
of atmospheric turbulence in  the  r eg ion  of the lower atmosphere 
including and extending above the surface boundary layer into the 
region where stress and v e r t i c a l   h e a t  flux nay not be considered 
constant,  and to  e s t ab l i sh  in t e r r e l a t ionsh ips  between turbulence 
parameters  for  the region of  the fr ic t ion layer  below a height of 
approximately 500 m. Most previous s tudies  of  turbulence in  the 
boundary l a y e r  a r e  f o r  h e i g h t s  below about 150 m. 
The determination of the turbulen t  na ture  of t h e  flow below 
about 500 m was f a c i l i t a t e d  by t h e  f a c t  that shearing stresses and 
ve r t i ca l  hea t  f l ux  cou ld  be ca lcu la t ed  d i r ec t ly  from wind speed 
and direction, vertical  velocity,  and temperature fluctuations 
measured on a tower 444 m high. This eliminated the need to  cal-  
cu la te  shear ing  s t resses  from the  wind p r o f i l e s ,  a method tha t  
relies on the assumption that  the stress is proportional to  the  
mean wind shear, and indeed allowed a t es t  of the hypothesis of 
the  momentum exchange coe f f i c i en t  to  be made. Similarly, because 
f luc tua t ions  of both temperature  and ver t ical  veloci ty  were measured 
a t   t h e  same l eve l s ,  it was not necessary to r e l y  on the lapse 
rate of tempera ture  in  ca lcu la t ing  ver t ica l  hea t  f l u x .  Therefore, 
the first-hand nature of th i s  research  s t rengthens  the  va l id i ty  of 
the findings presented herein.  
"""- "-.- """" "." 
2. BACKGROUND TO PRESENT RXSEARCH 
The f r i c t i o n  l a y e r  has been described as t h a t  portion of t he  
lower atmosphere adjacent  t o  the  ground in which turbulent stresses 
are s i g n i f i c a n t  ( L e t t a u ,  1950). I n  t h i s  l a y e r ,  which may extend to 
a height of around 1 km, the shearing stress and v e r t i c a l  heat flux 
are known to vary with height,  but i n  the lowest layar i n  which the  
stress and i s a t  flux a r e  okservcd t o  vary less than 20 per cent  is 
called the sixface boundary layer,  and generally extends to a 
height  oE from 20 t o  200 TI above the groilnd (Luyley and PanoLCsky, 
1964) . Tennekes (1973) states t h a t  the upper limit of the height  
o f  the boundary layer  is d5ov.t 100 m, which is wiL!in the above 
limits. The r eminde r  of t h e  f r i c t i o n  l a y e r  above the  sur face  
boundary layer and extending to where t h e  f l u i d  :no%ion approximates 
geostrophic flow is of t en  ca l l ed  the Ekmn layer, due t o  t h e  change 
of wind speed and direction with height observed by Ekman i n  this 
region of the atmosphere (Sutton, 1953) . 
The turbulent  nature  of the surface boundary layer has drawn 
the a t t en t ion  of n u n e r o u s  investigators;  consequently,  nos t  of the 
turbulent  processes i n  t h i s  l a y e r  a r e  a.i&quately understood. 
Because the Sulk of the findings has been derived from s tud ie s  
involving instrumented towers of the he ights  of 150 n or l e s s ,  
the va r i a t ion  of turbulence aararneters .in tnz remainder of t he  
f r i c t i o n  l a y e r  is s t i l l  poorly understood. Some i n v e s t i g ~ t i o u s  
of the  upper region have Seen carried out using bal loon observations, 
such as the  s tudy of the  t rade  wind s t r u c t u r e  by Charnock, Francis, 
and Sheppard (1956) , but  the v o l ~ x ~ c  and qua l i ty  ~3.f inEormtion 
m u s t  be considered below tha t  ob ta inaSle  from instrumented towers. 
T h i s  is : h e  i n  p a r t  to  t he  ba l loon ' s  i nab i l i t y  t o  r e a c t  t o  small- 
scale  turbulent  f lucLuat ions,  and a l s o  due t o  the f a c t  t h a t  
turbulence parameters must be calculated from mean wind :profiles. 
A few s tud ie s  have been lnade using very t a l l  towers, notably one 
by Thu i l l i e r  and Lappe (1964) inmlving  \dxerva t ions  from a 433-111 
tower near D a 1 1 . a ~ ~  Texas. 
2 
In  the  s tudy  of the  tu rbu len t  character of t h e   f r i c t i o n   l a y e r ,  
I 
two terns  that are very  usefu l  and  can  be  ca lcu la ted  d i rec t ly  from 
instrumented tower data are the covariances involving the fluctua- 
t i o n s  i n  component wind speed and temperature, e., u f ( t )  u ’ ( t )  and 
0 (t) u (t) , i n  which IJ.’ (t) and u’ (t) are the instantaneous deviat ions 
from the average component wind speeds, ‘and 8 (t) is the instantaneous 
devia t ion  from the average temperature, defined by the equations,  
;1 
7 !l 7 
and 
T ( t )  = + Q(t) .
The q u a n t i t i e s  on the left-hand side are instantaneous observed values 
and the overbar indicates the average of the quantity over the sampl- 
ing period. The subscr ip ts  i and j may take the values  1, 2 ,  o r  3 
and correspond to  the  long i tud ina l  (u )  , l a t e r a l  (v) , and v e r t i c a l  (w) 
wind  components, respec t ive ly .  
The tensor  involving veloci ty  f luctuat ions,  when multiplied by 
the  ave rage  a i r  dens i ty ,  p ,  becomes a force  due t o  t h e  t r a n s p o r t  of 
momentum by the turbulence.  Those f o r c e s  a r e  r e f e r r e d  t o  a s  Reynolds 
stresses, o r ,  when the  i and j components a r e  chosen to be orthogonal,  
shear ing  s t resses .  Ut i l iz ing  a l l  the  poss ib le  combina t ions  of u’ and 
u’  gives  a t o t a l  of nine terms, but i n  p r a c t i c e  t h e  stresses involving 
the product of t he  long i tud ina l  o r  l a t e ra l  and t h e  v e r t i c a l  component 
v e l o c i t i e s  a r e  most usefu l  in  tha t  they  descr ibe  the  upward or  down- 
ward t ranspor t  o f  hor izonta l  momentum. These shea r ing  s t r e s ses  a re  
defined by the equations, 
- 
i 
j 
and 
7 = - p  U’W’ . “
YZ 
(5) 
When the  QU’ term is multiplied by C p, where C is the  spec i f i c  hea t  
of a i r  a t  c o n s t a n t  p r e s s u r e ,  t h e  r e s u l t  r e p r e s e n t s  t h e  h e a t  t r a n s -  
ported by tu rbu len t  f l uc tua t ions .  Gene ra l ly  the  ve r t i ca l  t u rbu len t  
t r anspor t  of hea t  is most important, and is defined by 
j P P 
H = C p 0w’  . -- 
P 
Studies of the  var ia t ion  of  shear ing  stresses wi th  he ight  from 
3 
balloon observations (in a right-handed coordinate system with the 
l o n g i t u d i n a l  a x i s  p a r a l l e l  t o  t h e  s u r f a c e  mean wind d i r e c t i o n )  
i n d i c a t e  t h a t  T~~ decreases with height from a p o s i t i v e  maximum 
value a t  t he  su r face ,  and  becomes negat ive in  the upper  region of t h e  
f r i c t i o n  l a y e r ;  T decreases from zero a t  t h e  s u r f a c e  t o  a minimum 
a t  around 200 t o  300 m above the surface, and then again approaches 
zero  near   the  top  of   the  f r ic t ion  layer  (Charnock " e t  a l . ,  1956; 
Bradham, 1970) .  Studies  such as  that  by Campbell,  Hansen,  and  Dise 
(1970) that employed stresses ca lcu la ted  from covariances demonstrate 
that the  de t a i l ed  change of observed stress va lues  wi th  he ight  in  the  
layer  penetrated by instrumented towers is more var iable  than indi-  
cated by s tud ie s  that employed balloon observations, with both 
increases  and  ecreases  in each  of and r reported.  Few d i r e c t  
observa t ions  of  ver t ica l  hea t  f lux  have been made and generally the 
va r i a t ion  of heat  f lux with height  is in fe r r ed  from temperature 
prof i les ,  bu t  the  s tudy  by Campbell e t  a l .  c i t e d  above ind ica t e s  
t h a t   a t  least  i n  the lowest 32 m of t h e  f r i c t i o n  l a y e r  t h e  v e r t i c a l  
hea t  f l ux  is roughly constant or increases with height during the 
ear ly  af ternoon when surface heating should be a t  a maximum. 
YZ 
XZ YZ 
"
The shearing stress a t  t h e  s u r f a c e  normally is not measured but  
can be obtained (Lumley and Panofsky, 1964) from the wind speed 
observed near the ground by solving the famil iar  logari thmic wind 
prof i le   equa t ion ,  .. 
fo r  t he  su r face  f r i c t ion  ve loc i ty  u*. In  the equat ion 7 is the  
observed average wind speed, z t h e  
and k t h e  von Karman constant with 
0.4. The surface  shearing stress, 
TO 
- 
i n  which is t h e  mean a i r  d e n s i t y  
he ight ,  z the  roughness  length, 
a numerical value of approximately 
0 
, is then given by 
- 2  0 
PU* I (8) 
proximal t o  t h e  ground.  Although 
the der ivat ion of  the logarithmic equation, or "log law," assumes 
neu t r a l  ( ad iaba t i c  l apse  r a t e )  cond i t ions ,  its va l id i ty  has  been 
v e r i f i e d  f o r  any s tab i l i ty  condi t ion  in  the  very  sha l low layer  
adjacent to the ground. Lumley and  Panofsky  have  explained t h i s  f a c t  
4 
a s  due t o   t h e  dominance of the production of mechanical turbulent 
energy (by wind shear)  over the production of buoyant turbulent energy 
(by convection) next t o  the  ground. These authors note that over 
rough t e r r a i n   i n   s t r o n g  wind conditions the log law may be valid up 
t o  5 m o r  more even when the v e r t i c a l  h e a t  f l u x  is large.  while  
average wind p ro f i l e s  u sua l ly  may obey the log law o n l y   i n   t h e   f i r s t  
few meters, the re  is evidence that under near-neutral conditions mean 
wind prof i les  over  per iods  equal  to  or greater than around 10 min may 
be logari thmic to  a height  of 150 m, or roughly 10 per cent of the 
f r ic t ion  layer  (Thui l l ie r  and  Lappe,  1964; Car l ,  Tarbe l l ,  and 
Panofsky,  1973; H. Tennekes,  1973) . The va r i a t ion  o f  ve r t i ca l  
veloci ty  with height  i s  largely dependent upon s t a b i l i t y  and the  
mesoscale development of convection. It  is o f t en  poss ib l e  to  de t ec t  
a r egu la r  pe r iod ic  na tu re  in  the  f i e ld  o f  upward and downward motion 
passing over a l oca t ion ,  a s  was demonstrated by Kjelaas,  e t  a l .  (1974) 
using an array of acoustic sounders and microbarographs. 
"
Mean wind p r o f i l e s  a r e  assumed to  be  r e l a t ed  to  the  shea r ing  
stresses through the application of the closure hypothesis of the 
momentum exchange coe f f i c i en t ,  that s t a t e s  t h a t  downward f lux of  
momentum is  propor t iona l   to   the   ver t ica l   shear   o f   the  mean wind . 
(Lumley and  Panofsky,  1964).  Accordingly,  the  stresses may be  defined 
by 
a nd 
where 7 and 7 are   the   shear ing  stresses as   be fo re ,  P the  average 
a i r  dens i ty ,  au /az  and av/az the shears of the  mean component wind 
ve loc i t ies ,  and  Kxz and K the  coef f ic ien ts  of  eddy v iscos i ty  
corresponding t o  7 and 7 respect ively.   Bal loon  observat ions  in  
the lower atmosphere indicate that K increases  wi th  he ight  in  the  
lower  reg ion  of  the  f r ic t ion  layer  to  a maximum a t  around 300 m ,  then 
decreases t o  a minimum a t  around 700 m ,  and f ina l ly  increases  aga in  
wi th  he ight  near  the  top  of  the  f r ic t ion  layer ;  K was found 
generally to decrease with height through the f r i c t i o n  l a y e r  (Charnock 
- 
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e t  a l . ,  1956; Bradham, 1970).  For a logarithmic wind p r o f i l e  t h e  eddy 
v i s c o s i t y  is p ropor t iona l  t o  he igh t ,  which is i n  agreement with the 
observed increase in  K i n  t h e  lower p a r t  o f  t h e  f r i c t i o n  l a y e r .  
"
XZ 
While the shear ing stresses and ve r t i ca l  hea t  f l ux  a re  impor t an t  
i n  exp la in ing  the  gene ra l  t u rbu len t  t r ans fe r  i n  the  f r i c t ion  l aye r ,  
the nature of the turbulent  eddies  themselves  in  the t ransfer  process  
can be examined b e s t  by spec t r a l  ana lys i s .  Power spectra of the u,  v ,  
and w components indicate  the relat ive importance of  harmonics  to  the 
tu rbu len t  o sc i l l a t ions .  Lumley and  Panofsky  (1964) s t a t e  t h a t  f o r  
smal l - sca le  osc i l la t ions  the c o n t r i b u t i o n s  t o  t h e  t o t a l  v a r i a n c e  is 
the  same f o r   a l l  components, b u t  a s  t h e  s c a l e s  i n c r e a s e  a marked 
an iso t ropy  appears  in  the  spec t ra ,  wi th  the  ver t ica l  component 
becoming sys t ema t i ca l ly  d i f f e ren t  from the  ho r i zon ta l  components. 
The smaller scales are due to mechanical turbulence,  while the larger 
scales  are  inf luenced pr imari ly  by convection and mesoscale activity. 
Large v e r t i c a l  components a t  low frequencies are possible only during 
strong convection, and oscil lations on the order of 2 min in  bo th  
t h e  v e r t i c a l  and l a t e r a l  Components are  s t rongly inf luenced by 
s t a b i l i t y  (Lumley and Panofsky). The other  important  feature  of  
power spec t ra  is  the exis tence of  an iner t ia l  subrange in  the group 
of small-scale eddies in which the kinetic energy is p a r t i t i o n e d  i n  
proport ion  to  K , where K is t h e  wave  number (Sutton,  1953). 
Lumley and Panofsky r epor t  t ha t  t he  ex i s t ence  of t h i s  f e a t u r e  is 
v e r i f i e d  f a i r l y  w e l l  by numerous turbulence s tudies .  
-5/3 
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3. INSTRUMENTATION AND DATA 
A. Source, Amount, and  Types  of  Data 
Three sets of da ta ,  cons is t ing  of de t a i l ed  wind and temperature 
measurements co l l ec t ed  from t h e  444-m meteorological tower f a c i l i t y  
of the National Severe Storms Laboratory (NSSL) located 6 m i  north of 
Oklahoma City,  were used i n  t h i s  i n v e s t i g a t i o n .  The c h a r a c t e r i s t i c s  
of the  da ta  sets a r e  summarized i n  Table I. Temperature values were 
reported to  the nearest  hundredth of a Celsius degree, wind speed to 
t he  nea res t  t en th  of a m sec  , wind d i r e c t i o n  t o  t h e  n e a r e s t  t e n t h  -1 
of a degree of  azimuth,  and ver t ical  veloci ty  to  the nearest  
hundredth  of a m sec fo r  S3 t s  I and 11; the accuracy of measure- 
ments i n  S e t s  I and I1 was one order of magnitude better than in 
Set 111. 
-1 
The data were provided by the National Severe Storms Laboratory 
( N S S L p o f  the National Oceanic and Atmospheric Administration (NOAA), 
Norman, Oklahoma. The s e t s  were received i n  t h e  form  of  magnetic 
tapes  but  were t ransferred subsequent ly  to  magnet ic  discs  to  s implify 
their use in computational procedures. Although Sets I and I1 a r e  
a few seconds short  of being multiples of an exact hour in length,  
s t a t i s t i ca l  ope ra t ions  invo lv ing  th i s  sho r t age  w i l l  be  r e fe r r ed  to  a s  
being from a complete 1-hr period. In other words, the average wind 
speed over the entire set  of observations in Set I w i l l  be  re fer red  to  
a s   t h e  "hour mean wind speed .I' 
B. Types  of Instrumentation Used 
 
The instrumentation of the 4 4 4 - m  NSSL tower f a c i l i t y  has been 
described i n  d e t a i l  by Car te r  (1970) .  
Measurements of  horizontal  wind speed and direction a t   a l l  
l e v e l s  were made by using Bendix Model 120  Aerovanes. Each in s t ru -  
ment is mounted 3 -04 m (10 f t )  from the  tower on a boom a l igned  to  
an azimuth angle of 240 deg. The e f f e c t  of t he  tower on measured 
wind speeds is considerable only for wind d i r e c t i o n s  between 350 and 
70 deg;  the prevai l ing wind d i rec t ion  dur ing  th i s  s tudy  was around 
170 deg. The sensor  has  a,speed  threshhold of 0.84 m sec , an 
accuracy of 20.25 m sec  , and a dis tance constant  (def ined as  the 
-1 
-1 
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TABLE I 
Sununary of the three data sets obtained from the  NSSL 
meteorologically-instrumented tower f a c i l i t y  
INSTRUMENTED  LEVELS (m) 
DATA SET SPEED & DIR. TEAW. VERT.  NOTION A t  OBSERVATIONS TIMES (CST) DATE 
START/STOP (SEC; 
I 26,177,444 26,45,90, 26,45,90, 2 1793 13: 35:04/ 18 June 1971 
i4:34:48 177,266,355,  177,266,355, 
444  444 
I1 26,177,444 26,45,90,  26,45,90, 10 1439  12 : 00: oo/ 4 Nay 1972 
15:59:50 177,266,355,  177,266,355, 
444  444 
I11 89,266,444 89,266,444 89,266,444 1 10800 08:00:02/ 11 June 1973 
11:00:02 
**wind by the  propellor  required for the  anemometer output 
to reach 63 per cent of a step speed change") O f  4.66 m. Carter  
(1970) concludes from the  ins t rument  response  c r i te r ia  tha t  es t imates  
of gust amplitudes of higher frequency speed and direction improve 
with increasing mean wind speeds, S O  t h a t  measurements of f i n e r  scale 
frequency are more accurate near the top of t he  tower than near the 
ground. 
The sens i t i v i ty  of turbulence measurements made by using the 
Model 120 Aerovane has been described by Scoggins (1966) , who 
compared the output of several  wind sensors simultaneously exposed t o  
the Same wind conditions. The response of t h e  Aerovane a s  compared 
to  three other  anemometers (generally considered "more s e n s i t i v e "  t o  
tu rbu len t  f l uc tua t ions )  a t  wind speeds comparable to those observed 
in  the  da ta  se t  is shown i n  Table 11. Of the four instruments 
studied, the Aerovane recorded both the lowest mean wind speed and 
variance values over the sampling period; however, the portion of 
the total  var iance not  measured is due almost exclusively to fluctua- 
t ions with periods shorter than 5 sec. 
Due to  considerat ions concerning the calculat ion of power spec t ra ,  
the shortest  period of i n t e r e s t  i n  t h i s  r e p o r t  is 4 sec. The  power 
spectra in Fig.  1 show the observed parti t ioning of t h e  t o t a l  
variance among the various harmonics for each instrument;  the solid 
ver t ica l  l ine  denotes  a ha'rmonic period of 4 sec  on the abscissa .  
The port ion of  the f igure to  the l e f t  of t h e  v e r t i c a l  l i n e ,  which 
includes the range of f luctuat ions considered in  this  paper ,  shows 
that  the spectral  curve associated with the Aerovane approximates 
those  obtained from the  o ther  (more sens i t i ve )  anemometers. Only t o  
the  r igh t  of the  ver t ica l  l ine  does  the  var iance  a t t r ibu ted  to  the  
various harmonics of the Aerovane d i f f e r  markedly from the other wind 
instruments.  Thus,  for the range of frequencies under investigation 
in  th i s  r epor t ,  t he  Model 120 Aerovane appears t o  be adequate. 
The temperature sensors installed a t  each level  were Yellow 
Springs Instruments resistance thermistors mounted on heat sink 
s ta in less  s tee l  p robes ,  which were housed i n  C l i m e t  Model 016-1 
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TABLE I1 
C o m p a r a t i v e  response of various wind-measuring instruments 
B&W 50 
0.99 0.99 6.16 AEROVANE 1 2  0 
0.93 2.26 7.97 B&W 101 
0.91 1.14 7.77 CLIMET  C1-14 
0.89 1.66 6.73 
CURVE ANEMOMETER 
AEROVANE MODEL 120 "_ 
. . . -. . . . . . . . . .. . . . . . BECKMAN & WHITLEY S E R I E S  50 
4 -.-*-I-.- BECKMAN & WHITLEY  SERIES 101 
I - CLIMET MODEL C 1 - 1 4  
0.2 0.4 0.6 0.8 1.0 F ( C P S )  
5.0 2 . 5  1.7 1 . 3  1.0 P ( s e c )  
FREQUETlCY OR PERIOD 
Fig. 1. P o w e r  spectra obtained from Various 
w i n d - m e a s u r i n g  instruments.  
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motor-aspirated radiation shields.  These were af f ixed  on the under- 
s ide  of  the  boom exposing  the  wind  instruments. The thermistors 
have a temperature range of -30 C t o  +50 C,  a l inear i ty  devia t ion  of  
+0.05 deg C ,  and a t i m e  response ( t i m e  t o  i n d i c a t e  63 per  cent  of a 
step temperature change) of 20.25 sec. 
- 
Ins t rumenta t ion  to  record  ver t ica l  ve loc i ty  cons is ted  of 
R. M. Young  Company Model 1200 anemometers with polyethylene pro- 
pe l l e r s .  N o  response  spec i f ica t ions  for  th i s  ins t rument  were obtained, 
but  the response of  the Model 1200 anemometer is knobn t o  be a t   l e a s t  
a s  good a s   t h a t   o f   t h e  Aerovane. 
C. Synoptic  Conditions "-
The dominant synoptic feature on the  day Data Set I was obtained 
(18 June 1971) was a f ronta l  sys tem s t re tch ing  from the Great  Lakes 
across  the  nor thern  Grea t  P la ins  to  a weak cyclone in western Kansas. 
Although the front  t r iggered squal l - l ine act ivi ty  throughout  the day 
i n  Iowa and southern Minnesota, the front remained stationary some 
400 m i  to  the northwest  of the  NSSL tower s i te .  
A t  0600 CST (1200 GMT) sk ies  over  cent ra l  Oklahoma were c l ea r  
and temperatures ranged a few degrees above 70 F.. Winds were  from 
the south to southwest a t  around 5 m sec  . By 1200 CST (1800 GMT) 
the temperature had climbed t o  above 90 F and a few towering cumuli 
had  begun t o  appear. The frontal  system was in the process of dis-  
s ipa t ing  and winds had become steady from the southwest a t  around 7 m 
sec  . A few scattered  thunderstorms had  developed in   nor theas te rn  
Arkansas. By 1500 CST (2100 GMT) t he  f ron t  had d iss ipa ted  and the 
associated cyclone was f i l l i n g  -- winds around the NSSL s i t e  had 
switched direction more toward the south and southeast and had 
decreased i n  speed t o  between 5 and 7 m sec . Temperatures 
remained around 95 F and the sky had become partly cloudy with cumuli 
and towering cumuli having bases in  the  r ange  from 5000 t o  7500 f t  
predominating. None of the radar summaries for  the  day  showed shower 
a c t i v i t y   i n  Oklahoma. 
-1 
-1 
-1 
The combination of strong insolation, warm a i r  temperature, and 
t h e  g e n t l y  r o l l i n g  t e r r a i n  would tend t o  favor convection a t  the tower 
11 
si te  during the sampling per iod.  The absence of su f f i c i en t  wa te r  
vapor $dew-point depressions were i n  excess of 20 F throughout the 
day ) ,  presumably due to  the  southwes ter ly  a i r  f low,  tends  t o  explain 
the absence of marked convective cloud development as evidenced by 
the scarci ty  of  c louds.  The local turbulence should not have been 
solely convect ive in  nature ,  however, due t o  t h e  s t e a d y  moderate 
winds which should have led t o  a thorough mixing of t h e  a i r  n e a r  t h e  
surface.  Therefore,  the most l ikely causative conditions for turbu- 
lence existing during the sampling period on 18 June 1971 should 
have been both mechanical and convective. 
The major synoptic influence on the local  weather  condi t ions 
during the t i m e  period covered by Data S e t  I1 was provided by an 
extensive anticyclonic system covering the greater part  of the c e n t r a l  
United States.  Although the center of the system remained s t a t ion -  
ary in southern Arkansas,  the pressure gradients on the  back s i d e  
of the ant icyclone were observed to  s t rengthen during the per iod.  
Some organized cloud regions exis ted to  the north in  Nebraska and 
Missouri, but no s ignif icant  weather  was indicated a t  the tower s i t e  
throughout  the  sampling  period.  Temperatures were i n  t h e  low 7 0 ' s  
through the early afternoon, with south-easterly surface winds 
increasing from  around  10 t o  20 m sec through  the  period. -1 
The major synoptic feature during the time period covered by 
Data S e t  I11 was a s ta t ionary  f ront  ex tending  from the Great Lakes 
t o  a weak low-pressure area in Colorado. The g e n e r a l  c i r c u l a t i o n  a t  
the surface was t h a t  of t he  warm, moist  inf lux from the  Gulf of 
Mexico common i n  June. Conditions a t  t h e  tower s i te  remained 
general ly  the same f o r  t h e  3-hr period, with temperatures in the 
upper 60 ' s  and 10-15 m sec  winds  sweeping i n  from the south.  
Skies i n  the  Oklahoma area ranged from part ly  c loudy to  overcast  
with cumulus humilis the predominant cloud type reported. There 
was  some thunde r s to rm ac t iv i ty  to  the  sou th  in  Texas but  none 
reported north of t he  Red River during the recording period. 
-1 
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4.  ANALYSIS OF DATA 
A.  Prewhitening  of Data 
An  examination of wind observat ions contained in  the three 
data sets revealed an obvious long-term trend in data Set I1 
and a l s o  some indica t ion  of  t rend  in  Set 111. Mean values of 
s c a l a r  wind speed over sequential 5-min periods a t   t h e  26-m l e v e l  
from Set I1 a r e  Shawn in  F ig .  2, along with interpolated values  
of geostrophic wind speed over that  period. The in t e rpo la t ion  
was obtained from values of the surface pressure gradients  taken 
from synopt ic  char ts  a t  the beginning and end of the  time period 
in  F ig .  2.  Apparently the roughly l inear trend in the observed 
wind-speed values is  due to  the  increase  wi th  t i m e  in  the  pressure  
grad ien t ,  a s  evidenced by the s lope of the  l ine  represent ing  the  
geostrophic wind speeds. 
A f i l t e r  f u n c t i o n  was designed to  remove t h e  e f f e c t s  of t he  
t rend  in  ca lcu la t ions  of turbulence quantit ies and spectra.  
The f i l t e r  is symmetrically-weighted and is  of the  form 
n 
R ( f )  = Wo + 2c w cos(2krfAt) ; n=6 , k k = l  
where w are  the weights ,  f is frequency, and A t  is the  t i m e  
i n t e r v a l  between observations t o  which the weights a r e  applied.  
The values of t he  13 weights are given in Table 3 .  
k 
TABLE I11 
Values of t h e  f i l t e r  w e i g h t s ,  w 
k 
k W k 
0.22383 
0.10700 
0.09348 
0.07465 
0.05448 
0.03634 
0.02215 
13 
17 
16 
10 
9 
PERIOD NUMBER 
Fig. 2 .  Comparison  of the  var ia t ion  wi th  t i m e  
o f  sca la r  wind speed and computed 
geostrophic wind speed V f o r  Data 
S e t  11. Period number r e f e r s  t o  
sequent ia l  5-min periods over which 
the mean s c a l a r  wind speed, V, a t  
t he  26-m l eve l  was calculated.  
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The f i l t e r  r e s p o n s e  a s  a function of frequency is  shown i n  
Fig. 3 ,  with A t  chosen t o  be 30 sec.  It can be seen that harmonics 
with periods less than about 5 min would be negl igibly affected by 
the prewhitening process; however, over 90 per  cent  of the  
v a r i a b i l i t y  due t o  harmonics with periods of around 20 min or 
g rea t e r  would be el iminated.  In  the determinat ion of spectra 
from prewhitened da ta ,  t he  t r u e  spectrum can be recovered from 
the calculated spectrum by use of  the relat ion:  
14 
where @ (f 1 true and @(f) a r e   t h e   t r u e  and  calculated  spectra,  
respect ively,  and R ( f )  is the  f i l ter  €unction. 
computed 
0 1  I I I I t  I I I  I I I I 
150 60 45 30 20  15 10 5 4 3  2 1 .5 
PERIOD (min) 
Fig. 3 .  Fil ter  funct ion used in  the computat ion of 
turbulence quant i t ies  and spec t r a  to  remove 
the  e f f ec t s  of t r end  in  Data Se ts  I1 and 111. 
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B. Ver t i ca l  Motion and Fluxes of Momentum and Heat - - ” 
Average p ro f i l e s  o f  ve r t i ca l  ve loc i ty ,  G, over the 1-hr and 
sequent ia l  15-min per iods for  data  Set  I a r e  shown i n  Fig. 4 .  
Upward motion dominates the lower two-thirds of the tower height 
for the hour mean p r o f i l e ,  b u t  t h e  15-min mean p r o f i l e s  show a 
high degree of  var iabi l i ty .  This  var iabi l i ty  is b e t t e r  i l l u s t r a t e d  
i n  Fig. 5, which displays 5-min average values of vertical  motion 
versus time and height from Se t  I i n  t h e  manner of a c ross  sec t ion .  
The temporal  dis t r ibut ions cannot  be t ranslated s t r ic t ly  i n t o  
s p a t i a l  d i s t r i b u t i o n s  by application of Taylor’s hypothesis 
because of  the dis tor t ing effect  of  the ver t ical  shear  of  the 
advecting wind  on the larger eddies.  Powell  and Elderkin (1974) 
have shown that Taylor‘s hypothesis holds quite well  provided 
that the frequency, n,  of the turbulent  osci l la t ions complies  
with the cr i teron 
- 2 3 . 6  , 2 nn 
(2) 
where  du/dz i s  the shear of the mean advective wind ve loc i ty .  A 
typical  value of t he  ve r t i ca l  shea r  of mean longi tudina l  wind 
speed  (assumed representat ive of the advect ive veloci ty)  near  the 
ground fo r  t h i s  s tudy  is 9.1 sec , so t h a t  n by ( 1 3 )  must be -1 
greater  than or  equal  to  about  3.6 cycles min , c lear ly  represent ing  
eddies too small  to survive the averaging process.  However, the  
-1 
l a r g e s t  StrUCtUreS, bordering on the mesoscale, probably do remain 
s p a t i a l l y  i n t a c t  t o  a f a i r  degree in  the form shown i n  Fig. 5 because 
the i r  g rea t  s i ze  can  be affected only par t ia l ly  by shear during the 
recording period. This scale is cer ta in ly  la rger  than  the  la rges t  
individual eddies themselves, but of a s ca l e  so a s   t o  show the  
contribution of eddies to the almost-mesoscale structure which 
determines  the mean wind p r o f i l e s .  Thus,  Fig. 5 i l l u s t r a t e s  t h e  
general  large-scale  f ie ld  of ver t ical  motion.  
. 
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Fig. 4 .  Average v e r t i c a l  v e l o c i t y  f o r  t h e  15-min and 
1-hr periods for  Data S e t  I. 
The s t ruc tu re  shown i n  Fig. 5 indicates  that  an organized 
system of vertical motion was in  exis tence during the hour .  
Examination  revea 1s : 
In  the  c ros s  sec t ion ,  t he  t i m e  span of positive w is 
not iceably  la rger  than  tha t  of negative w; 
The organization of successive upward and downward maxima 
is most noticeable above around 150 m; 
There is a general  increase with height  of  Iwl  ; 
The maximum  mean  downward v e l o c i t i e s  a r e  2.5 t imes greater 
than the maximum  mean upward ve loc i t i e s ;  and 
Each upward- or downward-motion segment contains a p a i r  of 
maxima, with one being larger or more intense than the 
other .  
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Fig. 5. Mean ve r t i ca l  ve loc i ty  a s  a function of t i m e  and he ight  for  
Data Se t  I. Period number r e f e r s  t o  s e q u e n t i a l  5-min periods 
over which averages were determined. Solid l ines indicate 
upward motion, dashed l i n e s  downward motion, i n  m sec'l 
Traces of 5-min  mean longi tudinal   veloci ty ,  u,  i n  rn sec a t  
three heights are superimposed. 
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The explanation of some of  these character is t ics  l ies  i n  t h e  
actual physical  nature of the large-scale systems and w i l l  be d i s -  
cussed in  Sec t ion  5 .  Twa possible  explanat ions for  the lack of  
organiza t ion  in  the  w f i e l d  below 150 m are:  
!lj The mechanical turbulence due t o  wind shear near the sur- 
f ace  d i s rup t s  the large-sca. le  s t ructures  i n  the manner descr ibed  in  
the previous paragraph. This would presuppose  tha t  i f  the  la rge-  
s c a l e  s t r u c t u r e s  a r e  n o t  produced by loca l  t u rbu len t  ac t iv i ty ,  they 
can  surv ive  in  spite of the turbulence near the ground. 
( 2 )  Scorer  and Ludlam (1953)  theorized  that  sma l l  eddies  r is ing 
from near the surface become aggregated into larger ,  more organized 
eddies with height. Thus, the random c o n t r i b u t i o n s  t o  v e r t i c a l  motion 
by many small eddies would not  lead to  organized f luctuat ions near  
the surface,  but once a number of these eddies  contr ibute  their  buoy- 
ancy t o  make a larger system the result ing motion becomes observable. 
This explanation allows the large-scale features to be the result  of 
loca 1 turbulen t   t ransfer  . 
It is  l ike ly  tha t  bo th  p rocesses  con t r ibu te  to  some degree to  
the observed effect .  
Average p ro f i l e s  o f  ve r t i ca l .  ve loc i ty  fo r  Data Sets I1 and 111 
a r e  shown in  F ig .  6. Averaging periods of 1 hr  were used in  the  ana l -  
y s i s  of Set 11, while 30-min periods were used for Set 111. The two 
sets of p ro f i l e s  i n  F ig .  6 a re  s imi l a r  and d i f f e r  from the  r e su l t s  
presented in  Fig.  4 i n  t h a t  t h e  motion is upward throughout the whole 
tower height  for  a lmost  every prof i le  (a  small  region of downward 
motion is ind ica t ed  in  the  th i rd  p ro f i l e  from S e t  111). This is con- 
ceivably due to the presence of a less-developed convective regime a t  
the t imes Sets  I1 and I11 were taken--downwellings of cooler a i r  be- 
come organized only af ter  the convect ive act ivi ty  has  been sustained 
f o r  some t i m e  (Scorer and Ludlam, 1953) . 
The development of convective activity can be traced in Fig.  7,  
which d isp lays  5-min average values  of  ver t ical  veloci ty  from Set I11 
i n  t h e  same  manner a s  i n  F i g .  5 (the upper part  of Fig.  7 w i l l  be 
discussed la ter) .  During approximately the f i rs t  half  of  the 3-hr 
period, upward and downward motions a r e   r e l a t i v e l y  weak and poorly 
19- 
organized; after around 0930 CST, maxima and minima begin t o  extend 
through the entire depth of the layer pen%trated by t h e  tower, 
and absolute  values  of  ver t ical  veloci ty  exceed 1 m sec . I n  
t h e   l a s t  hour of the data set, upward and downward motions a r e  
w e l l  organized and appear t o  be taking on a periodic nature,  
though no t  t o  the  deg ree  exh ib i t ed  in  F ig .  5. 
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Fig. 6. Sequent ia l   average  prof i les   of   ver t ical  
ve loc i ty  for  Data S e t s  I1 and 111. The 
averaging period was 1 hr f o r  Set I1 and 
30 min f o r  Set 111. P r o f i l e  numbers r e f e r  
to  sequent ia l  averaging per iods.  
The variation with height of the component shear ing s t resses  
f o r  S e t  I is shown i n  Fig. 8. Values  of T~~ and T above the  
sur face  were ca lcu la ted  by using ( 4 )  and (51, respec t ive ly ;  
because the longi tudinal  axis  was chosen p a r a l l e l  t o  the surface 
Y= 
20 
Fig. 7.  Vertical  velocity and ver t ica l  hea t  f lux  as  a function of time and 
height for Data Set 111. Period numbers a r e  i n  t h e  same  manner a s  
Fig. 5. Sol id  l ines  indicate  posi t ive ver t ical  veloci ty  (upward) 
and heat f lux,  dashed l ines negative quantit ies.  
mean wind d i r e c t i o n ,   a t   h e   s u r f a c e   e q u a l s  7 and was determined 
from (8), while 7 is ident ica l ly   zero .  The f r i c t i o n   v e l o c i t y ,  
u*, appearing i n  (8) was calculated from (7) by using the 1-hr ' 
mean, observed, wind speed a t  26 m and a computed value of 
roughness  length, zo, for  the area surrounding the tower. A 
method s imi la r  t o  t h a t  employed by T h u i l l i e r  and Lappe (1964) 
was used to  determine z (Fig. 9) ,  i n  which the lower ends of the 
mean wind p r o f i l e s  i n t e r s e c t  the ordinate  a t   t h e   v a l u e  of z 
where the average wind speed equals zero. The value of 1.9 cm 
agrees  wel l  w i t h  the suggested value of around 5.0 cm €or rough 
grass (Blackadar , Panofsky, and Fiedler , 1974) . 
xz 0 
YZ 
0 
0 
The surface shearing stress of approximately 1.0 dynes c m  -2 
fo r  a l l  t he  ave rag ing  pe r iods  is i n  agreement with published 
f igures ,  notably the d i r ec t  (d rag  p l a t e )  measurement of 1.38 dynes c m  
by Pasquill (1950) for rough grassland and comparable wind speed. 
The values of 7 also agree with the general  t rends of  the T 
profi les ,  except  in  the case of  the t h i r d  15-min period where 
there  is a s t rong t ransi t ion over  the lowest  26 m compared t o  a n  
otherwise  l inear   t rend.  The slope  of this increase,  however, is 
no t  g rea t ly  d i f f e ren t  from t h a t  of the first and four th  15-min 
and 1-hr periods, so T is  not  necessar i ly  underest imated for  
th i s  per iod .  
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Examination  of  Fig. -8 revea Is : 
(1) The values of I- a r e  comparable t o  those  reported by xz 
other  authors (Bradham, 1970;  Campbell e t  a l . ,  1 9 5 6 ) .  The values 
of I- near the ground agree with those published by  Campbell 
e t  a l . ,  b u t  t h e y  a r e  a n  o r d e r  of magnitude greater  than those 
reported higher  in  the fr ic t ion layer  by Bradham o r  Charnock e t  a l .  
This discrepancy may be  l inked  to  the  fac t  tha t  the  observa t ions  
in  those  t w o  s tud ie s  ( test  sites were located on the  eas t e rn  
coast of Florida and in the B r i t i s h  West Indies ,  respect ively)  
were made i n  a i r  w i t h  a more s t a b l e  l a p s e  r a t e  ( 4  t o  9 deg C/km) 
than  in  the  NSSL study over Oklahoma ( s l igh t ly  uns t ab le ) .  Lumley 
and Panofsky (1964) point out that lateral deviations are very 
s e n s i t i v e  t o  s t a b i l i t y ,  p a r t i c u l a r l y  above the layer of s t rong  
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Fig. 8. Component shear ing-stress   prof i les   for   the 
15-min and 1-hr periods for Data S e t  I. 
Dashed l i n e s  r e f e r  t o  I- , s o l i d  l i n e s  t o  
I-. 
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Fig.  9 .  Average wind speed p r o f i l e s  f o r  t h e  f o u r  
lowest  tower  levels  for Data Se t  I.  P ro f i l e s  
fo r  t he  fou r th  15-min and 1-hr periods are 
the same. 
2 3  
wind shear  adjacent  t o  the  sur face .  
( 2 )  The va r i a t ion  w i t h  height  of T is in  general   agreement 
XZ 
with  prof i les  presented  in  o ther  s tud ies .  The 1-hr and 15-min 
mean p r o f i l e s  i n d i c a t e  t h a t  T becomes zero  near  the  middle 
depth  of  the  f r ic t ion  layer ,  as  repor ted  by both Bradham (1970) 
and  Charnock e t  al .  (1956).  While both of these previous investi-  
gations  favored a steady  decrease  with  eight of  from the  
surface,  a f luc tua t ion  ana lys i s  by Charnock e t  a l .  of  their  data  
revealed a maximum value a t  around 200 m s imi l a r  t o  those in  Fig.  8; 
the authors explained its existence a s  due t o  t h e  i n a b i l i t y  of the 
balloon to respond to the small-scale turbulent structure near 
the  surface  and,  therefore,   the  increase  of T t o  a low-level 
maximum merely ref lected the exclusion of  the contr ibut ions to  the 
stress by the small eddies near the surface.  The analysis  of  the 
NSSL tower data presented in this study, which includes the 
small-scale  s t ructure ,  and other recent tower studies (Campbell 
xz 
"
xz 
"
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" e t  a l . , 1970;  Pena,  Rider,  and  Armendariz,  19721,  supports  the 
ac tua l  ex is tence  of the low-level maximum. A comparison  of  the 
momentum f lux  per  un i t  dens i ty ,  -u'w', from the 1-hr period of 
Se t  I ,  and a recent  inves t iga t ion  by Pennell and LeMone (1974) 
in the fair-weather,  trade-wind, friction layer by use of a i r c r a f t  
observations is  presented in Fig. 10. The values of -u 'w ' 
from Se t  I and the trade-wind study are 0.55 and 0.20 m sec-2, 
respect ively.  The s i m i l a r i t y  between the  resu l t s  of  the  two s tudies  
is remarkable,  especially considering the difference between the  
two s i t e s .  Not only do the maxima occur a t  around the same height ,  
- 
- 
max 
but  a l so  the  s lopes  Of the  sets of -u 'w ' values above and below the 
maxima are approximately the same. The p r o f i l e  f o r  t h e  second 
15-min period of data Set I is  somewhat p e c u l i a r ,  a s  it indica tes  
e i t h e r  a steady increase of the shearing stress wi th  he ight  or  
a maximum a t  a much higher level than indicated by the other  per iods.  
( 3 )  The var ia t ion  with  height  of T is in  general  agreement 
Y= 
with that  reported by Bradham and Charnock e t  a l . ,  a s  above, who 
indica te  a general decrease with height from zero a t  the surface 
"
24 
Fig.  10. Comparison of momentum 
f l u x  a s  a function of 
he ight  for  Data S e t  I 
( s o l i d  l i ne )  and Pennell 
and LeMone (1974) 
(circles). See t e x t  
for   sca  l inq  values  -
‘U ’w ’ 
max * 
0 .Z .4 .6 .8 1.0 
-uw/-3ax . :- 
Normalized mbmemtum Flux 
t o  a minimum a t  around 200 m. P r o f i l e s  f o r  t h e  t h i r d  and fourth 
15-min periods are very close t o  this reported shape, while the 
p ro f i l e s  fo r  t he  o the r  pe r iods  ind ica t e  e i the r  minima a t  higher 
l e v e l s   o r  a s teady  decrease  in  T with  height.  Again,  the 
p r o f i l e  f o r  t h e  second 15-min period is somewhat pecul ia r .  
YZ 
( 4 )  There is a not iceable  s imi la r i ty  between t h e  p r o f i l e s  of 
stress f o r  t h e  f i r s t  and second and a l s o  t h e  t h i r d  and four th  
15-min per iods ,   par t icu lar ly  i n  t he  set  of T prof i les .   This  
f ea tu re  may be  be t te r  v i sua l ized  in  F ig .  11, i n  which the  magnitude 
of the shearing-stress vector,  T ,  defined by 
YZ 
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is p l o t t e d  a s  a function of height. The values of I;] f o r  t h e  
f i r s t  two 15-min periods a re  seen to  increase with height  from 
the   su r f ace   t o  444 m, whi le   the   p rof i les  of f o r   t h e   l a s t  
pair  of  15-min periods show a maximum a t  around 200 m. The varia- 
t ion with height  of  shear ing s’;--ess shows good cor re la t ion  wi th  
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v e r t i c a l  motion (see Fig .  5 ) ,  wi th  the f i r s t  two 15-min periods 
being dominated by downward motion and the t h i r d  and fourth 
periods by upward motion. 
The.1-hr values of 171 a t  26,177, and 444 m from Fig. 11 
a r e  p l o t t e d  i n  F i g .  12  on a semi-logarithmic scale.  In the range 
from 26 t o  444 m ,  I?I may be expressed t o  within 2 per  cent  by the 
r e l a t i o n  
-+ 
17 I = 2.0 In- 
7.3 
Z 
where z is the height  above the ground i n  meters and the units of 
I -r I are dynes cm . This indicates that  the magnitudes of both 
the shear ing stress and the wind speed a t  a given height can 
be obtained from a logar i thmic  prof i le  law. By dividing both 
s ides  of (15) by the surface shear ing stress I- , one may obtain 
the non-dimensional form, 
-b -2 
0 
0 
. " 
i n  which t h e  u n i t s  a r e  t h e  same a s   i n  (15) . 
Component shear ing-stress  prof i les  obtained from the  two 
other  data  sets a r e  shown in Fig.  13.  In  general ,  the  curves  
a re  s imi l a r  t o  those  from  Data Se t  I, (Fig.  8 ) ,  except  in  the  
case of t h e  f i r s t  1 - h r  p r o f i l e  from Set 11. The momentum t ranspor t  
in  the  d i rec t ion  oppos i te  tha t  o f  the  o ther  1-hr  per iods  is linked 
to  the presence of a temperature  inversion during the f i rs t  hour ,  
a f e a t u r e  t h a t  w i l l  be examined l a t e r  i n  t he  sec t ion  dea l ing  wi th  
average profiles of temperature. Another obvious feature of the 
prof i les  in  F ig .  13  is the smaller magnitudes of the stresses 
a s  compared to  F ig .  8. This is p a r t i c u l a r l y  t r u e  f o r  t h e  7 
YZ 
values,  which a r e  known to  inc rease  wi th  dec reas ing  s t ab i l i t y  
(Lumley and  Panofsky,  1964). It  already has been noted that,  
compared t o  S e t s  I1 and 111, convection a t   t h e  tower s i te  was 
26 ' 
504 3 H 4 2  
Fig. 11. Magnitude o f ' t h e  
shear ing-stress  vector  
as a function of 
height  for  the  15-min 
and 1-hr periods for 
Data S e t  I. P ro f i l e  
l a b e l s  a r e  t h e  same 
a s  i n  F i g .  8. 
better developed when Data S e t  I was taken. Estimated values of 
the surface shear ing stress, T , from Fig. 13 a r e  around 2 dynes cm 
and agree both with published values and the results from S e t  I. 
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Fig. 12. Empirical   relation- 
sh ip  between the 
magnitude of the  
shear ing-stress  
vector €or the 
1-hr period (see 
Fig. 11) and 
height .  
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Fig. 13. Component shearing stresses for   sequent ia l  
1-hr periods (Set 11) and 30-min periods 
(Set 111) a s  a function of height .  Dashed 
l i n e s   r e f e r  t o  7 s o l i d   l i n e s  t o  Txz.  
Prof i l e  numbers r e f e r  t o  sequential  averaging 
periods.  
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Five-minute means of the component shearing stresses from 
Se t  I a re  p lo t t ed  in  F ig .  1 4  i n   t h e  same  manner a s  v e r t i c a l  motion 
in  F ig .  5, with Figs.  14a and 14b represent ing  the  f ie lds  of 
r and T , respect ively.  A regular   per iodic   nature  is exhibited 
by both components, with the period of the oscillations being 
approximately 20  min.  Most no tab le  in  the  f igu res  is the apparent 
departure from a v e r t i c a l  s t r u c t u r e  t h a t  T makes below the 
150-m l e v e l  and the  skewed s t ruc tu re  of the  T f ie ld ,   thereby  
ind ica t ing   t ha t  7 events  near  the  surface  preceed  upper-level 
events , and than changes i n  7 a t  a lower level  lag those a t  
a higher  level .  
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The var ia t ion with height  of  1-hr  average,  ver t ical ,  heat  
f lux ,  H, given by (6 )  is shown in  F ig .  15 f o r  Data Set I. The 
values of H near the ground are comparable t o  those published by 
Campbell e t  a l .  (1970), viz . ,  on the order of 1.0 mW cm 
(10  erg c m  sec  ) .  Direct  measurements of hea t   f lux  above the 
surface boundary layer  to  -which the values  obtained in  this  s tudy 
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Fig. 14a. Component shearing stress, T as a function of time and 2, 
height  for  Data Se t  I. S o l i 3  l i n e s  r e f e r  t o  pOSitiVE2 
values,  dashed l ines t o  negat ive values ,  in  dynes cm . 
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Fig. 14b. Component shear ing stress, T =, as a function  of t i m e  
and height  €or  Data Set I. g o l i d  l i n e s  r e f e r  t o  pos- 
i t ive  va lues ,  dashed  l ines  t o  negative values,  i n  dynes cm . -2 
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may be compared could not  be obtained,  but  the resul ts  of the s tudy 
c i t e d  above ind ica t e  a general  increase of  H with height a t   l e a s t  
in  the  lowes t  leve ls  dur ing  the  ear ly  a f te rnoon over  open t e r r a i n .  
The 1-hr mean p r o f i l e  is approximately linear, and in the range 
from 26 t o  444 m above the  su r face ,  H may be obtained from the  
r e l a   t i on ,  
i n  which z is the  he ight  above the  su r face  in  meters and the u n i t s  
of H a r e  mW cm (=  e rg  crn sec  x 10 1. The acc re t ion  of 
convection eddies above the surface described by Scorer and Ludlam 
(1953) may expla in  the  increase  in  hea t  flux wi th  he igh t  i n  tha t  
large eddies ,  because of  their  more o rde r ly  s t ruc tu re ,  a r e  more 
e f f i c i en t  i n  t r anspor t ing  hea t  t han  smaller eddies. 
-2 -2 -1 4 
Equation (17)  may be made non-dimensional by dividing both 
s ides  by the  quant i ty ,  - T* u*, i n  which is is t h e  a i r  d e n s i t y ,  
C t he  spec i f i c  hea t  of  dry  a i r  a t  cons tan t  pressure ,  T* the  
surface scaling temperature, and u* t h e  f r i c t i o n  v e l o c i t y .  The 
magnitude of T*, a constant for logarithmic wind prof i les ,  can  
be  obtained from .-the d e f i n i t i o n  (Pena " e t  a l . ,   1972) ,  
PCP 0 
P 0 
0 
where H is t h e  v e r t i c a l  h e a t  f l u x  a t  t h e  s u r f a c e  and k is 
von Karman's constant  (usual ly  ascr ibed the value 0 . 4 ) .  Thus 
(17) takes on the  non dimensional form 
0 
H 
PC T*u, 
P O  
= 3.882 + 0.4 , 
i n  which the u n i t s  of z a r e  cm and H is i n  e rg  cm -2 sec  -1 . 
Prof i l e s  of ver t ica l  hea t  f lux  for  sequent ia l  per iods  of  
1 hr  from Se t  I1 a r e  shown in  F ig .  16. The values of H i n  t h e  figure 
generally are comparable to those derived from Data S e t  I, except 
i n  the  case  of t h e  f irst  hour period for which the heat-flux 
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values  a re  twice the  magnitude of those from both Set  I and t h e  
other  per iods from Se t  11. An explanation of this w i l l  be presented 
in  the  sec t ion  concern ing  tempera ture  prof i les .  
The f i e l d  of ve r t i ca l  f l ux  de r ived  from 5-min averages of 
H from Set I is shown in Fig.  17,  which ind ica t e s  a per iodic  
s t r u c t u r e  s i m i l a r  t o  that o f  mean v e r t i c a l  motion.  Approximately 
t h e   f i r s t   h a l f  of the hour period is dominated by negative heat 
f l u x ,  +&e second half by pos i t i ve  hea t  f l ux .  The anomaly  between 
t h e  5-min and 1-hr mean temperatures is shown i n  Fig. 18, which 
ind ica t e s  warmer a i r  temperatures  associated with the posi t ive 
h e a t  f l u x  and cooler  a i r  temperatures  with negat ive heat  f lux.  
There is an indicat ion in  Fig.  18 of  a return of cooler temperatures 
a t   t h e  end of the hour, so that the  f igu re  r ep resen t s  a regime of 
Fig. 15. P r o f i l e s  of v e r t i c a l  h e a t  f l u x  
for  the 1-hr  per iod for  Data 
Set I. Hour p ro f i l e   l abe l l ed  
(20)  was determined from 
equation (20)  and is discussed 
l a t e r  i n  t h e  t e x t .  
400 
A - 300 E 
E 
H 2 200 
100 
0 
Fig. 16. P r o f i l e s  of v e r t i c a l  
hea t  f lux  €or sequen- 
t i a l  1-hr periods 
f o r  Data S e t  11. 
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Fig. 17 .  Ver t ica l  hea t  f lux  as  a function of time and height for 
Data S e t  I. So l id  l i nes  r e fe r  t o  posit ive values,  dashed 
l i nes  to  nega t ive  va lues ,  i n  mW cm . -2 
0 
PERIOD M E R  
Fig. 18. Difference  between 5-min and 1-hr average temperature as a 
function of time and he ight .  Sol id  l ines  ind ica te  the  5-min 
mean temperature to be warmer than the 1-hr mean value a t  
that  level ;  dashed l ines  indicate  cooler  temperatures ,  in  
degrees Celsius. 
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per iodic  anom&ly and not j u s t  a s teady  increase  in  a i r  t empera ture  
through the hour (which also would show roughly the f i r s t   h a l f  of 
the hour cooler and t h e  second half warmer than the 1-hr mean 
tempera t u r e  1 . 
The va r i a t ion  of v e r t i c a l   h e a t   f l u x   w i t h  time and height for 
S e t  I11 is shown in  F ig .  7 i n  a manner s imi l a r  t o  F ig .  17  fo r  Se t  I. 
Posit ive values of H a r e  s e e n  t o  dominate the  3 hr  of '  the  data  set ,  
but  large values  of  posi t ive H do not  appear  unt i l  the  l a t t e r  ha l f  
of the  da ta  per iod .  This  cor re la tes  wi th  the  la rger  va lues  of 
v e r t i c a l  v e l o c i t y  a p p e a r i n g  i n  t h i s  segment of t h e  set  (see Fig. 7 ) .  
Large  va lues  of  nega t ive  hea t  f lux  appear  only  in  the  f i r s t  hour .  
The co r re l a t ion  between indiv idua l  maxima and minima of H and 
v e r t i c a l  motion i n  Fig. 7 is n o t  a s  good a s  i n  t h e  f i g u r e s  d e a l i n g  
wi th  Se t  I. Again, the less-developed nature of the convective 
regime may expla in  th i s .  
C.  Mean  Wind and  Temperature P r o f i l e s  "- 
Hour and 15-min average temperature profiles for Data S e t  I 
a r e  shown i n  Fig. 19. There is l i t t l e  va r i a t ion  between the values 
of environmental  lapse rate,  y ,  fo r  t he  fou r  15-min periods,  with 
y being approximately 10 -77 deg C km-lover the  tower he ight ,  
except  in  the case of the second 15-min period for which the value 
of y is 10.53  deg C k m  . The value  of  the  1-hr mean l apse  r a t e  
is a l s o  10.77  deg C km , thus exceeding the dry adiabatic lapse 
r a t e  by approximately 1 deg so t h a t  t h e  l a y e r  between 26  and 444 m 
is s l igh t ly  superadiaba t ic .  The s l igh t  dev ia t ion  of t he  temper- 
a t u r e  p r o f i l e s  from a . l i n e a r  form toward warmer temperatures near 
the  sur face  ind ica tes  that the  layer  below 26 m is a lmost  cer ta in ly  
supe rad iaba t i c  a l so ,  e spec ia l ly  in  l i gh t  of the clear  sky condi t ions 
lead ing  to  s t rong  inso la t ion .  Because v e r t i c a l  h e a t  f l u x  is zero 
when y is only 70 t o  80 per  cent  of  the  dry  ad iaba t ic  lapse  ra te ,  
the large values  of  H presented in  the previous sect ion are  con- 
s i s t en t  w i th  the  ex i s t ing  l apse  r a t e s ,  and it is reasonable t o  
assume t h a t  some form of convective a c t i v i t y  must e x i s t   a t   t h e  
sampling time ac t ing  to  r educe  the  in s t ab i l i t y  (Lumley and 
Panofsky,  1964).  Scorer  and Ludlam (1953) p o i n t  o u t  t h a t  t h e  
-1 
-1 
33 
rcnuval of heat from the  sur face  is enhanced by the presence. of wind 
whi-::h a c t s  t o  encourage the growth of large convective eddies. 
The average temperature  prof i les  in  Fig.  19 may be used t o  
eski.na.‘lc values  of  the ver t ical  hea‘t f l ux ,  H, for the hour of 
observations comprising Data S e t  I. Heat flux may be related t o  
the  change with time of temperature a t  a l e v e l  by the equation 
(Lenschow, 19741, 
H = E C ” z + H  aT 
’ pa t  0 I ( 2 0 )  
i n  which 5 is the average a i r  d e n s i t y ,  C t he  spec i f i c  hea t  of 
d ry   a i r   a t   cons t an t   p re s su re   ( t aken  a s  9.96 X 10 cm sec  deg ) , 
aT/at the temperature change, z the height,  and H the  hea t  f lux  
a t  the  sur face .  This  equat ion  is of the same form a s  ( 1 4 ) ,  so 
when z = 0 ,  the surface heat  f lux H must be approximately 0.1 
mW cm (= 10 erg  cm sec  ) . S u b s t i t u t i n g   t h i s  and  appropriate 
values of the dependent variables from the  ana lys i s  of  Se t  I, 
one may solve (20)  t o  produce a p ro f i l e  o f  H comparable t o  t h e  
1-hr  prof i le  presented  in  F ig .  15 .  The  two p ro f i l e s  a re  seen  
t o  agree  fa i r ly  wel l .  The coe f f i c i en t  of z i n  (17)  is c l o s e  t o  
the value of i;C - i n  ( 2 0 ) ,  e., 0.0097 and 0.015, respect ively.  
P 6 2  -2 -1 
0 
-2 3 -2 -1 0 
aT 
Pat  
Average temperature profiles for Data Sets I1 and I11 a r e  
shown in  F ig .  20,  which ind ica tes  a t r ans i t i on  in  the  l apse  r a t e  
a t  t h e  tower s i t e  through the sampling periods. The f i r s t  1-hr 
period from Set 11, centered a t  1230 CST, c l e a r l y  shows an 
inversion below the  266-m l eve l ,  presumably associated with the 
presence of the anticyclonic system. The inversion must  have 
been very strong during the earlier hours,  as evidenced by its 
presence in the early afternoon. By the next t ime period, 
however, the inversion had d iss ipa ted  and temperature lapse rates 
had 
the 
the 
become roughly adiabatic.  A representat ive heat  f lux over  
hour i n  which the inversion dissipated can be obtained from 
r e l a t i o n  (Lenschow, 1974),  
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Fig. 19. Average tempera ture  prof i les  for  the  15-min and  1-hr 
per iods  for  Data Se t  I. 
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Fig. 20. Sequential   average  temperature  profiles  for 
Data Se ts  I1 and 111. For Set I1 the averaging 
period was 1 hr ,  whi le  for  Set I11 the period 
was 30 min. 
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which neg lec t s  t he  hea t  f l ux  a t  t he  su r face .  So lu t ion  of (21) 
with values for  the dependent  var iables  taken from the  ana lys i s  
of S e t  11, gives a value of around 8 mW cm f o r  H a t  the  100-m 
l eve l ,  which is a comparatively large value re la t ive to  those  
from Set I a t   t h e  same height. A large value of  H would be 
expected, though, and r e f e r r a l  t o  F i g .  16 shows a value o f  
approximately 1 3  mW c m  a t  t h i s  l e v e l .  The d i f f e rence  between 
these  two va lues  can  be  a t t r i bu ted  pa r t i a l ly  to  the  su r face  hea t  
-2 
-2 
f lux ,  Ho, neglec ted  in  ( 2 1 ) ,  which would t e n d  t o  make the  value 
of H from Fig. 16 l a r g e r  than t ha t  ca l cu la t ed  from (21)  under the 
conditions a t  t h e  tower s i t e  (it is un l ike ly  tha t  H would be 
negative a t  t h i s  time of  day) .  The previously-noted fact  that  
t h e  p r o f i l e  of H from t h e   f i r s t  1-hr  per iod const i tutes  greater  
va lues  than  the  th ree  l a t e r  p ro f i l e s  i n  F ig .  16  can  be  a t t r i bu ted  
to  the  hea t  f l ux  l ead ing  to  the  d i s s ipa t ion  o f  t he  inve r s ion .  
Another i n t e r e s t i n g   f e a t u r e  of the heat-f lux and temperature 
p r o f i l e s  is t h e  agreement between the negat ive heat  f lux and the  
cooler temperatures in the upper regions for the second period 
of Data Se t  11. 
0 
The r e s u l t s  of t he  ana lys i s  of S e t  I11 a r e  similar t o  t h a t  
of Set 11. There is some ind ica t ion  in  F ig .  20 of the presence 
of a tempera ture  invers ion  pr ior  to  the  f i r s t  30-min per iod.  In  
f ac t ,  ana lys i s  o f  t h e  f i r s t  5 min of the data  shows an inversion. 
The la ter  temperature  prof i les  are  approximately adiabat ic  and appear 
very uniform although one must keep i n  mind that temperature data 
were obtained a t  on ly  th ree  l eve l s  i n  Se t  111. 
Prof i l e s  of 15-min and 1-hr mean wind speed from S e t  I a r e  
shown in  F ig  21 .  Each profile of observed speed is accompanied 
by a logari thmic prof i le  calculated by using ( 7 )  with z = 1.9 cm 
and u* determined from the observed wind speed a t  t he  26-m l e v e l  
for each period. The log-law f i t  t o  t h e  15-min mean p r o f i l e s  is 
very good up t o   a t   l e a s t  200 m ,  and up t o  444 m t he re  is no 
0 
devia t ion  from the  log-law prof i les  grea te r  than  1 .0  m sec  . 
In the upper region where deviations occur,  the observed values 
-I 
a r e  less than  the  theo re t i ca l  va lues  fo r  t he  f i r s t  two periods 
and g r e a t e r  f o r  t h e  second two periods,  again being correlated 
w i t h  t h e  f i e l d  of v e r t i c a l  motion. The 1-hr mean wind-speed 
prof i le  approximates  the  logar i thmic  prof i le  to  a high degree 
throughout the tower height. The approach of observed wind speed 
p r o f i l e s  t o  a logari thmic prof i le  a t  heights w e l l  above the surface 
boundary layer has been reported by T h u i l l i e r  and Lappe (1964) and 
Carl  e t  al. (1973), but only under near-neutral conditions. When 
convect ion prevai ls ,  the  var ia t ion of  wind speed with height 
should be proportional to z and not In z (Lumley and Panofsky, 
1964), which is not  indicated in  Fig.  21. 
"
-1/3 
One-hour and  15-min1 average, component, wind-velocity profiles 
a long the longi tudinal  and l a t e r a l  a x e s  a r e  shown i n  Figs. 22a 
and 22b, respec t ive ly ,  wi th  the  longi tudina l  ax is  para l le l  to  and 
the  la te ra l  ax is  perpendicular  to  the  1-hr  mean sur face  wind 
d i r ec t ion .  The data show a deviation a t  t h e  444-m l e v e l  of 
only 7 deg from the  mean surface wind d i r ec t ion ,  bu t  a turning of 
the  ve loc i ty  vec tor  wi th  he ight  in  the  manner of t he  Ekman s p i r a l  
is apparent although the magnitude of the angular deviations is 
1ST 15 MIH 1ND 15 RIN 3RD 15 RIN 4774 15 RIN HOJR 
ysm SPEED (I S.c-1) 
Fig. 21. Mean wind speed p r o f i l e s  f o r  t h e  15-min and 1-hr periods 
f o r  Data S e t  I. Dashed l i nes  r ep resen t  t heo re t i ca l  
logari thmic prof i les  for  each per iod (see t e x t ) .  
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much smaller than that predicted by theory.  Thus,  the shearing 
stress obviously could not be constant over the height of the tower,  
a fact  already evidenced by observations (Fig.  11). 
The p r o f i l e s  i n  Fig. 22a approximate logarithmic curves 
with the 15-min values clustered about the 1-hr profile. The 
s i m i l a r i t y  between the f i r s t  and second and the third and fourth 
15-min prof i les  of  mean l a t e r a l  wind veloci ty  (Fig.  22b) i s  evident  
a s  it was f o r  v e r t i c a l  motion and shearing stress. 
Profiles of 1-hr mean wind speed and direction from,Set I1 a r e  
shown in Fig.  23.  The low-level speed maximum associated with the 
temperature  inversion of  the f i rs t  hour  per iod is present,  along 
with the large turning of the  wind vector  with height  below the  
inversion. Unlike the wind p r o f i l e s  from S e t  I (see Fig.  211, 
the  var ia t ion  of  wind speed with height in Fig.  23 devia tes  
s ign i f i can t ly  from tha t  prescr ibed  by the logari thmic law ( 7 ) .  
It may be noted that the observed mean profile approaches more 
closely the theoret ical  log-law profi le  towards the la ter  par t  
of Set 11, presumably a s  t he  e f f ec t s  o f  t he  d i s s ipa t ion  o f  t he  
inversion diminish and the layer approaches a more thoroughly- 
mixed s t a t e  . 
An attempt was made t o  c o r r e c t  f o r  t h e  e f f e c t s  o f  s t a b i l i t y  
changes on the 1-hr mean wind p r o f i l e s  by use of the log-linear 
p r o f i l e  law (Munn, 1966) ,  
= --* U [ In  - z z 
k + Q (< ) I  Z 
0 
; 2 9 2  
0 
i n  which u*r k ,  zr and z a r e  t h e  same a s  i n  ( 7 )  and Q (zL ) 
a s t a b i l i t y  c o r r e c t i o n  t h a t  is a function of non-dimensional 
height,  ZL . The  Monin-Obukhov length,  L, con ta ins   t he   r a t io  
of the exchange coeff ic ients  of  heat  and momentum, so t o  f a c i l i t a t e  
ca lcu la t ion ,  (22 )  may be  re-written 
-1 
0 
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Fig. 22 .  Mean longi tudina l  and l a t e r a l  v e l o c i t y  
p r o f i l e s  f o r  t h e  15-min and 1-hr periods 
f o r  Data Se t  I. 
where the  s t ab i l i t y  co r rec t ion  func t ion  has  been replaced by a 
constant times t h e  r a t i o  of height,  z, to the modified Monin- 
Obukhov length,  L . The empirically-derived  value  of 5 now 
con ta ins  the  e f f ec t  o f  the  ra t io  of t he  exchange coe f f i c i en t s .  
The modified Monin-Obukhov length is  defined by  (Munn, 1966) 
a s  
i n  which T is the  mean temperature for the period, g the  acce lera t ion  
due t o  g r a v i t y  (980 crn sec  ) ,  and the remaining symbols a r e  a s  
i n  previous  equations. To solve (23 )  f o r  t h e  wind speed, V ,  
values of uj, were calculated by using ( 7 )  a t   t h e  26-m l e v e l  f o r  
each  hour  period. Then, (23) was s o l v e d   f o r   a t   t h e  177-m l e v e l  
from known values  for  the other  var iables .  Final ly ,  with the com- 
puted values of A for each period, (23) was solved for v a t  t h e  
444-rn l e v e l ;  t h e  r e s u l t s  a r e  shown i n  Table 4 .  Although t h e  
-2 
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Fig. 23.  Sequential  1-hr mean p r o f i l e s  of wind speed 
and direct ion €or  Data Se t  11. Dashed l i n e s  
represent logarithmic profiles for each 
period, as i n  Fig. 21 .  
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Fig- 24. Sequential  1-hr mean p r o f i l e s  of the longi- 
tud ina l  and l a t e r a l  components of  horizontal  
wind ve loc i ty  fo r  Data Se t  11. 
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Table I V  
Results of ' the  calculation of v a t  the 444-m level  for  Set 11 
Period u* 
(cm sec 1 -1 
1 
45.21 4 
44.07 3 
34.12 2 
29.28 
z/L ' B 
-8.8 -.02 
10.1 0.74 
-0.4 1.93 
-0.8 1.77 
v calculated 
-1 (m sec 
7.3 
14.7 
9.9 
9.5 
- 
V observed 
(m sec-l) 
6.5 
8.5 
9.3 
10.3 
V log-law 
7.15 
8.35 
10.75 
11.10 
values of fi ca lcu la ted  from (23)  do not necessarily approximate 
the observed values of 7 ,  use of (23) d i d  e f f e c t i v e l y  i n d i c a t e  
whether the value of mean wind speed would be g rea t e r  o r  less 
than the log-law estimate of ?, except i n  the  case  when the  t e m -  
perature  inversion was present  below the  444-m l e v e l  ( f i r s t  
hour period).  This method of so lu t ion  assumes B and the  ra t io  
of t he  exchange c o e f f i c i e n t s  of hea t  and momentum t o  be constant 
through the height of the tower, which are questionable assumptions 
even without the presence of a temperature inversion. 
Mean longi tudina l  and l a t e r a l  wind components fo r  t he  sequen t i a l  
1-hr periods of Set I1 are presented in  Fig.  24, which shows t h a t  
t h e  l a t e r a l  component makes a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  
vector wind speed only in  the  case  of t h e   f i r s t  1-hr period. 
The d i f fe rences  between 5-min and 1-hr average longitudinal 
wind speed a s  a function of time and h e i g h t  f o r  S e t  I a r e  shown 
in  F ig .  25. The anomalies represent the larger-scale turbulent 
c i r c u l a t i o n s  a t  t h e  tower s i t e  superimposed on the  preva i l ing  
wind a s  a r e s u l t  of the overall  synoptic conditions.  Once again,  
the anomalies do not represent large eddies themselves but rather 
ind ica te  the  charac te r  of the turbulence over time and space on 
the large scale ,  thereby providing a pseudo-Lagrangian view of 
t he  loca l  wind s t ruc tu re .  The regular  recurr ing nature  of the  
with- and against-mean flow segments is  v is ib le ,  wi th  the  per iod  
of the osci l la t ions being around 20 min. The regions between 
successive anomalies represent local areas of divergence and 
convergence, and, therefore,  should be correlated to some degree 
wi th  the  loca l  f i e ld  of v e r t i c a l  motion.  Comparison  of  Fig. 5 
to  F ig .  25 shows t h a t  a r e a s  of divergence and convergence are 
associated with areas  of downward and upward motion, respectively. 
It may be noted tha t  in  reg ions  lack ing  a change i n  t h e  l o c a l  
longi tudina l  wind s t r u c t u r e  t h e r e  is a l s o   l i t t l e  change i n  t h e  
v e r t i c a l  motion f i e l d  ( t h e  e i g h t h  5-min period for example). 
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Fig.  25.  Difference  between 5-min and  1-hr mean longi tudinal  
wind v e l o c i t y  a s  a function of time and height. 
Hourly mean flow is from r i g h t  t o  l e f t  i n  t h e  f i g u r e .  
Sol id  l ines  ind ica te  5-min  mean flow greater than 1-hr 
mean flow, dashed l ines indicate less than 1-hr mean 
f low,  in  m sec-1. 
D .  Evaluation of the Exchange Coefficient Hypothesis 
" 
The capab i l i t y  of ca lcu la t ing  the  shear ing  s t resses  d i rec t ly  
from covariances allows an accurate determination of the  momentum 
exchange coe f f i c i en t ,  K ,  a t  s e v e r a l  l e v e l s  above the surface.  
This makes possible  a comparison of K values determined by two 
independent methods and a check of the  va l id i ty  of  the  exchange 
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coeff ic ient  hypothesis .  
To s impl i fy  the  ana lys i s ,  the  1-hr ,  mean, component,  wind- 
ve loc igy  prof i les  from  Data S e t  I (Fig. 22)  were used. It was 
found tha t  t he  long i tud ina l  component could be approximated to 
within 2 per cent through the height  interval  26-444 m of t h e  
tower by the empirical  expression 
ii = 61.04 In z ,  
i n  which ii is  the 1-hr,  mean, longi tudina l ,  wind component i n  
c m  sec and z i s  t h e   h e i g h t   i n  c m .  Thus, the   longi tudina l  com- 
ponent  of  the  shear  of  the mean wind au(az)  could be determined 
eas i ly  a s  g iven  by 
-1 
-1 
where t h e  u n i t s  of  shear  are  sec . -1 
From the values  of the  component shearing stresses shown 
i n  Fig. 8 and component wind shears  from (26) ,  t he  momentum exchange 
coefficients can be determined directly by using (9) and (10 ) .  I n  
t h i s  method, which s h a l l  be r e f e r r e d  t o  a s  t h e  f l u c t u a t i o n  method, 
p takes  the  value of 1.11 X gm cm and is taken t o  be 
invariant through the tower height.  
-3 
I n  t h e  l a y e r  i n  which the logarithmic wind p r o f i l e  law is 
appl icable ,  the  exchange coef f ic ien t  can  be determined a s  follows. 
By d i f f e ren t i a t ing  the  log  law ( 7 )  wi th  respec t  to  z and making 
subs t i t u t ions  from (8) and ( 9 )  -- i n   t h i s   c a s e  T is the  same 
a s  7 , one can express the momentum exchange c o e f f i c i e n t  a s  
(Munn, 1966) 
XZ 
0 
K = u,kz 
xz 
where u* is  t h e  f r i c t i o n  v e l o c i t y ,  k t he  von Karman constant,  
and z the height. From the values  in  Fig.  8 ,  u* for  the 1-hr  
period is found t o  be 29 .O cm sec  by u s e  of (8) . The von 
Karman constant  usual ly  is ascribed the value 0.4 (Lumley and 
Panofsky, 1964) . 
-1 
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The r e su l t s  o f  t hese  methods a r e  shown i n  Fig. 26. The 
log-law method approximates  the  value  of K obtained from the  
f luc tua t ion  method f a i r l y  w e l l  near the surface.  Above 26 m 
t he  two methods tend  to  handle  the  var ia t ion  wi th  he ight  of  the  
exchange coe f f i c i en t  d i f f e ren t ly ,  w i th  the  log-law method showing 
a s teady increase with height ,  and the  f luc tua t ion  method an 
xz 
i n c r e a s e  t o  a maximum a t  250 m. From ( 9 ) ,  Kxz ,for a logarithmic 
wind prof i le  should increase with height  provided the s t ress  
remains the same. The decrease with height above 250 m indicated 
by the  f luc tua t ion  method re f lec ts  the  s imul taneous  decrease  in  
both the shear  and stress so t h a t  K approaches zero near the top 
of the tower. The resu l t s  of  the  s tudy  by Charnock e t  a l .  (1956) 
a r e  shown in  F ig .  26, which ind ica t e s  t ha t  t he i r  f i nd ings  a re  
similar to the product of the log-law method up t o  t h e  maximum 
a t  300 m.  Also shown i n  t h e  f i g u r e  is the var ia t ion with height  
of t he  exchange c o e f f i c i e n t  of momentum obtained by Blackadar 
and Panofsky (1969) using a modified geostrophic departure method; 
a low-level maximum is exhibited a t  about the same l eve l  a s  i nd ica t ed  
by the  f luc tua t ion  method. 
E. Wind Shear 
xz 
"
The r e s u l t s  of a s t a t i s t i c a l  examination of wind shear a t  
the  NSSL f a c i l i t y  a r e  shown in  F igs .  27a and 27b, constructed 
from cumulative frequency diagrams of scalar wind shear build-up 
t o  444-m f o r  Data Se t s  I and 11. Because it includes observations 
from only  three  leve ls  on the tower, S e t  111 was not used in  t h i s  
ana lys i s .  The f igu res  were prepared from values of scalar wind 
shear,  I AT1 (Az)-', computed for each observation over the entire 
co l lec t ing  per iod ,  so t h a t  a comparable number of observations 
were  used in  construct ing each f igure.  The in te rva ls  over  which 
the  shear  was computed were 89, 178, 276, 354, 399, and 418 m ,  
from the  top  of  the  tower downward. Thus, the shears  represent  
those bui lding up to  the wind speed a t  t h e  t o p  o f  t h e  tower. 
Examination of the curves in  Figs .  27a and 27b reveals them t o  
be very s imilar .  
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Fig. 26. Variat ion with height  of the  momentum exchange 
coeff ic ient  as  determined by t w o  independent 
methods.  See text   €or   explanat ion  of  methods. 
Dashed l i n e  represents ca lcu la t ion  of K by 
Charnock e t  a l .  (1956) , dash-dot l ine represents 
resul ts  obtained by Blackadar and Panofsky (1969). 
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F. The Magnitude of Turbulent Fluctuations - - 
The var ia t ion with height  of the  longi tudina l  and  la te ra l  
components of variance €or the 15-min and 1-hr periods o f  Data 
Se t  I a r e  shown in  F ig .  28, and for  sequent ia l  30-min periods 
of Data Set I11 in  F ig  29. The longi tudinal  component, 02, 
and l a t e r a l  component, 02, a r e  shown in  F igs .  28a and  28b, respect ively,  
while the sum of a2 and 02 is shown in Fig. 28c. While 0; shows 
no systematic  var ia t ion with height ,  02 exh ib i t s  a general  decrease 
w i t h  h e i g h t  f o r  a l l  p e r i o d s ,  a feature previously noted by 
Blackadar e t  a l .  (1974). An in t e re s t ing  and a s  y e t  unexplained 
fea ture  of both Figs.  28a and 28b is  the divergence of the  prof i les  
between the 100- and 200-m levels.  In Fig.  28c,  the combined 
var iance prof i les  remain in  a fairly coherent group through the 
tower height, except i n  the case of t h e  f i r s t  15-min period, which 
shows much smaller values in the middle region of the tower height. 
V 
U V 
U 
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Fig.  27. Cumulative  frequency  diagrams of scalar  wind  shear 
build-up  to  the  wind  speed  at  the  top  of  the  tower 
for Data Sets I (a) and I1 (b) . Time  period  for 
(a)  was  one  hour  (1793  observations)  and  for  (b) 
four  consecutive  hours  (1439  observations). 
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Fig. 28  Prof i les  of the  longitudinal and l a t e r a l  components 
of variance and the sum of the longitudinal and 
l a t e r a l  components of variance for the 15-min and 1-hr 
per iods for  Data Set I. 
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Fig. 29. Prof i les   of   the   longi tudinal  and 
lateral  components of var iance for  
sequent ia l  30-min periods for  Data 
Se t  111. Prof i l e  numbers r e f e r  t o  
sequential  averaging periods.  
Lumley and Panofsky (1964) s ta te  tha t  the  s tandard  devia t ions  
of the horizontal  component v e l o c i t i e s  and u , should be 
propor t iona l  to  the  f r ic t ion  ve loc i ty ,  u* ,  and give values of the 
rat io ,  avu* , that  range from 1.3 t o  2.6 for  var ious  loca t ions .  
Blackadar e t  a l .  (1974) ,  from the i r  s tudy  fo r  Cape Canaveral, 
recommend t h a t  the values  of u and 0 U*  are  approximately 
2.5 and 2.2, respect ively,  where u* is measured a t  a low l eve l .  
A recent  s tudy by Pennell and LeMone (1974) shows values of Q u* 
and u u* that  range from 1.5 t o  4.0,  and 1.5 t o  2.5, respect ively,  
i n  t h e  lower 400 m of the fair-weather,  trade-wind, friction layer.  
Table V gives values of the two r a t i o s  computed from the four 
sequential hour segments of Data Set 11. The en t i re  range  of 
harmonics made contr ibut ions to  the var iances  over  the 1-hr periods, 
' uu V 
-1 
"
-1 -1 
u *  V 
-1 
-1 U 
V 
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TABLE V 
Ratios of the s tandard deviat ions of  component v e l o c i t i e s  t o  the 
f r i c t ion  ve loc i ty  fo r  s equen t i a l -hour  
Period u* (m sec ) 
-1 
p *  
1 
3.18 0.44 3 
3.53 0.34 2 
3.40 0.29 
4 3.45 0.05 
periods from Data S e t  I1 
0 J"* U"/U* 
7.08 
1.33 3.15 
1.42 
1.40 2.76 
1.07 2.37 
and while the ratio,  uuu* , remained  roughly  constant  over  the 
four   per iods ,   the   ra t io ,  , decreased  with time from an -1 
ext remely  la rge  va lue  (7 .08)  for  the  f i r s t  per iod ,  which was 
dominated by the  temperature  inversion.  Although  the  values 
of t he  r a t io s  in  Tab le  V are  larger  than the suggested values ,  
most are within the ranges observed by Pennell and LeMone (1974). 
From the 1-hr  values  in  Figs .  28a and 28b and a f r i c t i o n  v e l o c i t y  
of 0.29 m sec  , the  values  of 0 U*  and 0 U*  for   Se t  I a r e  
respect ively 4.56 and 4.88, being approximately twice the suggested 
values.  The explanat ion of  this  may be  a t t r ibu ted  to  Blackadar  
e t  a l .  (1974) ,  who p o i n t  o u t  t h a t  t h e  r a t i o s  depend on the  meso- 
scale roughness which controls the low-frequency portion of the 
spectrum of the horizontal  veloci ty  components.  Large-scale 
turbulen t  s t ruc ture  makes t h e  l a r g e s t  c o n t r i b u t i o n  t o  t h e  t o t a l  
variance over the recording period (provided the t i m e  scale  of  
the turbulent f luctuations does not greatly exceed the sampling 
per iod) ,  so t h a t  i f  v a r i a t i o n s  b o r d e r i n g  on the mesoscale are 
pronounced, the ratios can exceed 3.  I t  already has been shown 
that large-scale systems of an osci l la tory nature  were present  
dur ing  the  per iod  of ' acquis i t ion  of  da ta  for  th i s  s tudy .  
-1 
-1 -1  -1 
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The var ia t ion with height  of  the var iance of ve r t i ca l  ve loc i ty ,  
Ow . over the 1-hr period for Set I is shown i n  F i g .  30. The 
values of o2 ca lcu la t ed  fo r  t he  th ree  l eve l s  a t  which v e r t i c a l  
W 
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Fig. 30. Ver t ica l  component of variance  as a 
function of height  for the 1-hr period 
€or Data Set  I. 
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veloc i ty  was measured can be f i t  extremely well on the  semi- 
logari thmic scale  by the curve 
(28) 
i n  which z is the  he igh t  i n  m. Equation (28) may be made non- 
dimensional by dividing each s ide by u*: 
2 
i n  which the  un i t s  a r e  the  same a s  i n  ( 2 8 ) .  
The well-defined increase of CT with height i s  due t o  t h e  
2 
W 
cons t ra in t  the  sur face  p laces  on the  ve r t i ca l  s i ze  o f  edd ie s ,  
in  that  the proximity to  the surface prevents  the formation of  
low-frequency  harmonics (Lumley and  Panofsky, 1964) .  This  rapid 
increase with height  of a2 is indicative of the development of 
convection a t  t h e  s i t e ,  a s  evidenced by Fig. 31, which shows 
prof i les  for  sequent ia l  30-min per iods  for  Se t  111. Referral  
to  F ig .  7 shows that organized convective activity appeared only 
in  about  the  las t  hour  of the data  set ,  and Fig. 31 shows an 
inc rease  in  o2 through the entire tower height only for the last  
two  30-min periods.  
W 
W 
Near the  sur face  the  ra t io ,  uwu* , from  Data S e t  I of t h i s  -1 
study is  2 . 1 2  a s  compared to published values ranging from 0.7 
t o  1.33 (Lumley and  Panofsky, 1 9 6 4 ) .  The study by Pennell  and 
LeMone (1974)  gave a value  of  around 1 .5  f o r  oWu* in  the  lower 
400 m. Values of the ratio from the sequential  1-hr periods 
of S e t  I1 a r e  shown i n  Table V ,  and are within the range of 
published  values.   Again,   large-scale  oscil lations  apparently 
cause the rat io  from Se t  I t o  be s l i g h t l y  l a r g e r  t h a n  t h a t  
reported by other  researchers .  
-1 
The resul ts  presented in  Figs .  28-32 a r e  i n  good agreement 
wi th  the  theo re t i ca l  r e su l t s  p red ic t ed  by the numerical boundary 
layer  model of  Deardorff  (1972)  for  the  unstable  case. Both 
the decrease of (r2 and the rapid increase of o2 with height  in  
the lower levels agree with the model. A predicted decrease 
U W 
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Fig. 31. Vertical component of variance 
as a funct ion of  height  for  
sequent ia l  30-min per iods  for  
Data Set 111. Pro f i l e  numbers 
r e f e r  t o  s e q u e n t i a l  30-min 
averaging  periods. 
with height of a2 is not  obvious  in  the  resu l t s  of  th i s  s tudy;  
however , t h e  l a t e r a l  and longi tudina l  in tens i t ies  should  be  
nearly equal a t  a l l  l e v e l s  f o r  t h e  u n s t a b l e  c a s e ,  a s i t u a t i o n  
t h a t  does appear i n  the  f igu res .  
V 
G .  Turbulence  Spectra 
Power spectra were calculated by using the method of Blackman 
and Tukey (1958) and "hanning" smoothing f o r  Data S e t  I for  both 
hour and successive 15-min periods.  A 15-min period contains 450 
observations;  the number of lags was chosen t o  be one-third the 
number of  data  points, or 150 lags .  Thus, the  frequency  range 
was from 1 t o  150 cycles( l0  min) and the  per iods  of   osci l la t ions -1 
capable of being examined  ranged  from 10 min  down t o  4 sec.  The 
g raph ica l  r e su l t  o f  p lo t t i ng  the  smoothed spectrum, S(n),  versus 
frequency, n, emphasizes the low-frequency harmonics but, unfor- 
tunately,  is  not area-conserving. 
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Normalized (area under the curve = 1) values of S ( n )  f o r  Data 
S e t  I p lo t ted  aga ins t  n calculated over  the 1-hr  per iod for  the 
26-, 177-,  and 444-m l e v e l s  a r e  shown in  F ig .  32. The s lopes 
of these spectra may be compared t o  t h e  -5/3 s l o p e  l i n e  a l s o  
shown i n  the  f igure  to  de te rmine  t o  what extent, i f  any, the 
spectra follow the -5/3 power law c h a r a c t e r i s t i c  of t h e  i n e r t i a l  
subrange. The low-frequency l i m i t  of t he  ine r t i a l  sub range  in  
the atmosphere is given (Lumley and Panofsky, 1964) by the  Dougherty 
limiting wavelength, X: 
where L '  is the modified Monin-Obukhov length defined by (2  
. and R i  is the Richardson number. The Richardson number may 
-. 
x. 
determined from the equation, 
! 
\ 
\. 
i n  which av /az  is the  ver t ical  shear  of  the horizontal  wind 
1 
be 
speed 
and the other  var iables  a r e  a s  i n  ( 2 4 ) .  Because the  1-hr mean 
wind p r o f i l e  i s  so nearly logarithmic with height (see Fig.  21 )  , 
&/az  may be approximated by d i f f e r e n t i a t i n g  ( 7 )  with respect  
to  height ,  thereby yielding the expression for  the shear :  
where the  var iab les  a re  a s  before. Table V I  shows t h e  r e s u l t s  
of solving for the Dougherty limiting wavelength a t  the 26-, 177- ,  
and 444-m l eve l s  and using 1-hr mean values  for  the appropriate  
v a r i a b l e s  i n  (24 )  , (31) , and (32) .  The low-frequency l i m i t  (cut-  
off frequency, n ) associated with X a t  a level can be approximated 
by dividing the 1-hr,  mean, horizontal ,  wind speed, V ,  a t  t h a t  
height by x. The values of n from  Table V I  can  be compared x 
with the frequencies in Fig.  32 a t  which the general  s lopes of 
the power spectra  begin to  deviate  from the  - 5 / 3  slope. It  is 
X - 
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Fig. 32.  Normalized spectra  of longi tudinal  
ve loc i ty  for  the  1-hr p e r i o d  a t  
t h ree  l eve l s  fo r  Data Se t  I. 
S lan ted  l ine  labe l led  - 5 / 3  i nd i -  
ca tes  s lope  for  iner t ia l  subrange .  
See tex t  for  explana t ion  of cut- 
off frequencies,  
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evident from t h e  c u r v e s  t h a t  t h e  d e p a r t u r e  f i r s t  t a k e s  p l a c e  
between 30 and 10 cycles/lO min. There is some indica t ion  from 
the 177- and 444-111 level  spectra  of  a progression of n to  h ighe r  
frequencies with increasing height as predicted by (30) .  Lack 
of exact coincidence between the observed and predicted cut-off 
frequencies can be at t r ibuted to  the assumption concerning the 
equal i ty  of the exchange coefficients, the approximation of the 
shear by ( 3 2 ) ,  o r  t h e  c r u d i t y  i n  t h e  u s e  of to  obta in  nx  
from x. The important  fact  is that  the observed power spectra  
apparently possess an inertial  subrange in the high-frequency 
end extending to  low f requencies  in  the  v ic in i ty  of those a t  
which the cut-off was pred ic ted  to  occur .  
x 
Spectra  of  la teral  veloci ty  for  the 1-hr  per iod for  Set  I 
a r e  shown in  F ig .  33 i n  which nS (n)u, is p lo t ted  aga ins t  the  
frequency  n. The value  of u, fo r   t h i s   pe r iod  is 841 cm sec  . 
-2 
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The spectra obtained a t   t h e  NSSL f a c i l i t y  a r e  s i m i l a r  i n  
shape to  those descr ibed by other  researchers .  A comparison  of 
the  spec t rum of  la te ra l  ve loc i ty  over  the  1-hr  per iod  a t  the  26-m 
level  with an example presented by Lumley and Panofsky (1964) 
is shown in  F ig  34. The l a t t e r  was observed a t  Brookhaven a t  
a height of 91  m; o r ig ina l ly  the  spec t ra l  es t imates  were shown 
normalized by the square of the wind speed a t  11 m ,  s o  the spectrum 
was multiplied by an a r b i t r a r y  cons tan t  to  make it comparable t o  
that  obtained a t  the NSSL tower. The s i m i l a r i t y  between the two 
curves in  Fig.  34 is strong, and is  presumable due to  both  spec t ra  
being observed during the daytime. Lumley and  Panofsky s t a t e  t h a t  
the spectrum of l a t e r a l  v e l o c i t y  is af fec ted  more by changes i n  
s t ab i l i t y  r a the r  t han  he igh t ,  pa r t i cu la r ly  in  neu t r a l  o r  uns t ab le  
a i r .   I nc reas ing   i n s t ab i l i t y   i nc reases   t he  low-frequency  portion 
( t h a t  end occupied by eddies predominantly convective in nature) 
of the spectra but leaves the high-frequency (dominated by mechani- 
cally-produced  turbulence)  portion,  sensitive  to  roughness  and 
wind speed,   re la t ively  unaffected.   Spectra  of l a t e r a l  v e l o c i t y  
observed a t  n i g h t  show most of the var iance par t i t ioned to  the 
high-frequency oscil lations.  
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TABLE V I  
Dougherty limiting wavelength x and associated cut-off 
frequency n a t  t h r e e  l e v e l s  f o r  Data S e t  f x' 
- 
H-2 -1 " -1 cy (10 minj -1 (erg cm sec ) 
Height (rn) T('K) 
R i  (m sec ) ,  ..X (m) 
~" 
26 
31 6  -66 129 -1.5 18000 304.4 177 
12  5.24 262 -0.04 3600 306.2 
444 53  7 .'2 9 82 -9.5 44200 301.7 
The curves in  Fig.  33,  a l l  calculated for  the 1-hr  per iod,  
general ly  support  this  concept ,  but  with the fol lowing two obser- 
va t i ons  : 
(1) Near the ground the production of mechanical turbulence 
adds a considerable amound of variance to the high-frequency 
osc i l l a t ions .  Above a sufficiently high level (between 26 and 
177 m in  th i s  case)  the  var iance  in  the  h igh- f requency  por t ion  
of the spectra truly approaches a constant with height.  
( 2 )  There is an increase of variance in the low-frequency 
osc i l la t ions  wi th  he ight ,  bu t  the  ac tua l  he ight  above the surface 
is  not necessarily the cause of the increase.  Rather,  the increase 
i n  t h e  low-frequency portion of the  spectra  is consis tent  with 
the increase with height  of t he  ve r t i ca l  hea t  f l ux  shown i n  
Fig.  5. 
Further support for the concept may be derived from Figs. 35 
and 36 i n  which nS (n) u* f o r  t h e  l a t e r a l  v e l o c i t y  is p lo t ted  
versus n fo r  t he  fou r  15-min per iods for  S e t  I a t  h e i g h t s  of 26 
and 444 m ,  respectively.  In each figure the high-frequency 
portions are approximately the same over the four periods,  but 
t he re  is considerable  difference among the f o u r  15-min periods 
a t  each  l eve l  i n  the  low-frequency  end.  Referral t o  F ig .  17  indi-  
ca t e s  t he  f irst  two  15-min periods to be dominated by only 
s l i gh t ly  pos i t i ve  o r  s t rong ly  nega t ive  ve r t i ca l  hea t  f l ux ,  w i t h  
-2 
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Fig. 33. Spec t ra  of  la te ra l  ve loc i ty  for  the  
1-hr period a t  t h r e e  l e v e l s  f o r  
Data Se t  I. 
1 
Fig. 34. Comparison  of spec t ra  of l a t e r a l  v e l o c i t y  
obtained from the NSSL and Brookhaven tower 
f a c i l i t i e s .  NSSL spectrum is for the 1-hr period 
a t  t h e  26-m leve l  €or  Se t  I. Brookhaven spectrum 
(B) i s  f o r  91 m, taken from Lumley and Panofsky 
(1964) .  
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Fig. 35. Spectra   of   la teral   veloci ty   for  
sequent ia l  15-min periods a t  t h e  
26-m l e v e l  f o r  Data Set  I. 
- "11 I 
1 
2 943.1 
852.6 
3 
4 826.0 
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Fig. 36.  Spect ra   o f   l a te ra l   ve loc i ty   for  
sequent ia l  15-min pe r iods  a t  t he  177-m 
l eve l  for  Data Set  I. 
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t h e   l a s t  two periods predominantly by p o s i t i v e  v e r t i c a l  h e a t  
f lux .  The spec t ra  for  the f i r s t  two  15-min periods a t  26 m 
(Fig. 35) a r e  below those  fo r  t he  th i rd  and fourth periods. 
Basical ly  the same is  true a t  t h e  177-111 level  (Fig.  36), e., 
t h e  f a c t  that the curve per ta ining t o  the fourth per iod is below 
t h a t  of the second probably is due t o  t h e  r e t u r n  of s t rong  nega- 
t i ve  hea t  f l ux  a t  uppe r  l eve l s  nea r  t he  end of the fourth period. 
Therefore, away from the  s t rong  inf luence  of  the  sur face ,  
it appea r s  t ha t  s t ab i l i t y  i s  the primary factor in determining 
the magnitude and shape of the spectrum of lateral velocity. 
Spec t ra  of  longi tudina l  ve loc i ty  for  the  1-hr  per iod  a t  th ree  
levels (26, 177, and 444 m )  f o r  S e t  I a r e  shown in Fig.  37,  plot ted 
i n  a manner s imi l a r  t o  F ig .  34. Once again the inf luence of the 
ground is  obvious in  the  inc rease  of variance in the high-frequency 
portion of the spectrum a t  26 m. The low-frequency portion, 
however, could not be dependent solely upon s t a b i l i t y ,  a s  t h e  
spectrum of l a t e r a l  v e l o c i t y  was, because there is considerable 
l e s s  v a r i a n c e  p a r t i t i o n e d  a t  t h e  444-m l e v e l  t h a n  a t  t h e  26-m 
l eve l .  Lumley and  Panofsky  (1964) report  that  the spectrum of 
longi tudinal  veloci ty  is a f f ec t ed  l e s s  by s t a b i l i t y ;  t h u s ,  t h e  
re la t ive  d i f fe rence  between the spectra of the 444-m l e v e l  and 
lower levels simply may reflect  the decrease of mechanical tur-  
bulence (associated with wind shear)  with height .  
The e f f e c t s  o f  s t a b i l i t y  and the increase of height  on the 
variance contained in a pa r t i cu la r  harmonic a l so  a re  observable  
in the secondary peaks occurring between about 5 and 30 cycles 
(10 min) in   Fig.   37.   Par t icular ly   not iceable  is the  decrease 
i n  s i z e  of  peak A from 26 t o  444 m.  The opposite is t r u e  of 
peaks C and D between the  177- and 444-m l eve l s ,  where the increase 
with height may be re la ted  to  the  observed  increase  wi th  he ight  
of  the  ver t ica l  hea t  flux. 
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Fig. 37. Spectra   of   longi tudinal   veloci ty   for  
the hour period a t  th ree  he ights  for  
Data Se t  I. 
Examination of the secondary peaks reveals another i n t e re s t ing  
fea ture  -- the  apparent  sh i f t ing  of peaks to higher or lower 
frequencies with increases in height.  Peaks C and D a r e  each 
apparent ly   shif ted by 2 cycles (10 min) between the 177- and 
444-m levels. This conceivably could be due t o  energy being 
t ransfer red  t o  larger-scale eddies with height by accret ion.  
Peak A a p p e a r s  t o  s h i f t  p o s i t i o n  from around 19  cycles (10 min) 
a t  26 m t o  2 1  cycles (10 min) a t  177 m t o  27  cycles (10 min) 
a t  444 m. 
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Whereas the spectra of the horizontal  velocity components 
are influenced only t o  a degree by height ,  spectra  of  ver t ical  
veloci ty  are  s t rongly dependent  upon t h i s  v a r i a b l e .  The sca l e  
of  ver t ica l  ve loc i t ies  increases  wi th  he ight  due  to  the  l imi t ing  
effect  of the proximity of the surface on the energy contained 
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i n  l o w  wave numbers. Lumley and  Panofsky  (1964)  suggest t h a t  
t h i s  scale is  a l inear  funct ion of  height ,  and from s i m i l a r i t y  
theory the spectrum may be predicted by 
- nS (n) = F(v ,Ri )  1 (33 )  nz 
2 
u* 
where nS(n)u, i s  the  spectrum, R i  the  Richardson number, nz? 
the non-dimensional frequency (essentially the ratio of height 
t o  wavelength) , and F a universal  funct ion.  When  S (n) u* is  
p lo t ted  aga ins t  nzV the  propor t iona l i ty  of t h e  s c a l e  t o  h e i g h t  
is taken into account so  that  spectra  should show  no s h i f t  w i t h  
height (on the assumption that the dependence upon R i  i s  neg l ig ib l e ) .  
The au thors  c i ted  above have shown t h i s  t o  b e  t h e  c a s e  u p  t o  a 
height of a few hundred meters, above which the scale approaches 
a constant and the maxima of the  spec t ra  exhib i t  a c h a r a c t e r i s t i c  
s h i f t  from around nzv-l = 0.25 to  h igher  f requencies .  
-2 -1 
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Spectra  of  ver t ical  veloci ty  obtained from the NSSL tower 
over the hour period a t  t h r e e  levels (26, 177, and 444 m) f o r  S e t  I 
a r e  shown in  F ig .  38, i n  which nS (n)u* is p lo t ted  aga ins t  the  
non-dimensionalized  frequency nzV . The values of are   1-hr  
mean wind speeds  for  the  appropr ia te  leve ls .  I f  one  ignores 
the superimposed peak a t  around f = 0.04 in the spectrum a t  
the  26-m l e v e l ,  t h e  c u r v e s  a t  t h e  26- and 177-m l eve l s  a r e  ve ry  
s imilar  in  shape to  those descr ibed by Lumley and Panofsky (1964) 
and  Panofsky " e t  a l .  (1967) , with  the  spectral   peaks  occurr ing 
a t  around nzV = 0 .2 .  Thus the   l inear   func t ion  of sca l e   t o   he igh t  
is supported by the  resu l t s  presented  in  the  f igure .  The increase 
exhibi ted by the high-frequency portion of the spectrum a t  444-m 
is surpr i s ing  and a s  yet unexplained. The curves in  Fig.  39 
that  represent  the spectra  of l a t e r a l  v e l o c i t y  from Fig. 33 
plot ted against  nz7-l  demonstrate  the shif t ing that  occurs  when 
the  sca l e  of turbulence is  not a function of height .  
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Fig. 38. Spectra of vertical velocity for the hour 
period at three levels as a function of non- 
dimensionalized frequency nz/Vfor Data Set I. 
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Fig. 39. Spectra of lateral velocity  for  the 
hour period at three  levels  as a 
function of non-dimensionalized 
frequency  nz/ Vfor Data Set I. 
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Simi la r  r e su l t s  were obtained from the  spec t r a l  ana lys i s  
of the  two other  sets of data. Normalized spectra of the longi- 
tud ina l  component v e l o c i t y  a t  the.89-m level  for  Set  I11 a r e  shown 
in  F igs .  40 and 4 1  €or sequent ia l  per iods of  30 rnin. The curves 
i n  t h e  two f igures  a re  s imi la r  to  cor responding  spectra i n  Fig. 32, 
and possess a f a i r l y  l a r g e  segment in the high-frequency end t h a t  
conforms t o  t h e  - 5 / 3  slope. The spectra have been divided into 
two groups I with those having total  var iance greater  than 0.5 m 
s ec   i n   F ig .  40, and  those  with less than 0 . 5  m sec   in   F ig .  41. 
For  frequencies  greater  than  around 1 cycles min I the curves of 
the two f igures  are  roughly the same. For  lower  frequencies, 
however, the  spectra in   F ig .  40 (ou > 0.5 m sec  ) r i s e  t o  a 
sharp peak a t  around 3 t o  4 cycles (10 min) , while  in  Fig.  4 1  
(au < 0.5 m s ec  ) t he  spec t r a  f l a t t en  o f f  t o  a broad  peak  of 
the  same order of magnitude as the secondary peak located a t  
around 9 cycles (10 min) in  each  curve.  Apparently,  the 
spectra containing more total  energy (variance) hold this energy 
i n  t h e  low-frequency peak. 
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Fig. 40. Spectra of longitudinal  velo- 
c i t y  a t  t h e  89-m level  for  
30-min periods of Data Set I11 
with' to ta l   var iance  greater  
than 0.5 m2 seC2. 
Fig. 41. Spectra of longitudinal  velocity 
a t  t he  89-m l eve l  for  30-min 
periods of Data Set I11 with 
total  variance less than 0.5 
m2 sec-2. 
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5. INTERRELATIONSHIPS OF THE  PROPERTIES OF ATMOSPHERIC  TURBULENCE 
BELOW A HEIGHT OF 500 METERS - 
The causes behind the behavior of any p a r t i c u l a r  parameter 
of turbulence  in  the  f r ic t ion  layer  u l t imate ly  must  depend upon 
the physical and geometrical  nature of the turbulence occurring a t  
the  time  of  observation.  Outside the laboratory,   the  determination 
of  the  ac tua l  s t ruc ture  genera l ly  is  not  poss ib le ,  so t h a t  t h e  
s t ruc tu re  must be in fe r r ed  from the  measured parameters. In the 
previous sect ion,  the prof i les  of  shear ing stress and v e r t i c a l  h e a t  
f lux  ind ica ted  the  l ike ly  presence  in  the uns t ab le  f r i c t ion  l aye r  
of both mechanical and buoyant sources of turbulence coexisting in 
the  layer  below 500 m. Spectrum analysis has shown t h a t  t h e  s i z e  
of eddies increases with height and that the large-scale fluctua- 
t i ons  are predominant ly  important  in  the turbulent  t ransfer  process .  
With these and other findings from Section 4 i n  mind, a simple 
model fo r  t h i s  r eg ion  of t h e  f r i c t i o n  l a y e r  can he outlined that 
describes the general  behavior of some of the parameters of 
turbulence. 
Some indica t ion  of  the  s t ruc ture  of  tu rbulence  in  the unstable 
f r i c t i o n  l a y e r  is given in  F ig .  42 ,  i n  which the difference between 
successive 5-min and 1-hr average values of wind speed a t  a l eve l  
from Data Set I are p lo t t ed  as a function of t i m e  (period number 
of the 5-min averages).  The va r i a t ion  o f  t h i s  d i f f e rence ,  which 
r e f l ec t s  t he  va r i a t ion  o f  t he  measured wind speed, i s  p rac t i ca l ly  
the same f o r  a l l  the four lowest levels (26, 45, 90, and 177 m ) .  
The s i m i l a r i t y  between the three highest  levels (266, 355., and 
444 m) also is obvious, with the magnitude of the 266-m l e v e l  t r a c e  
intermediate between t h a t  o f  the adjacent levels.  Apparently 
there e x i s t s  a l e v e l   a t  around 200 m t h a t  marks a t r a n s i t i o n  i n  t h e  
character of the f r i c t i o n  l a y e r ,  where f luc tua t ions  of  wind speed 
above the  t r ans i t i on  are con t ro l l ed  in  a manner d i s s i m i l a r  t o  t h a t  
below the t r ans i t i on .  I t  is  unl ike ly  tha t  the  t rans i t ion  occurs  
a t  a quasi-finite boundary but the zone is  th in  enough t o   e x i s t  
between the  177.- and 266-m l eve l s  i n  seve ra l  i n s t ances ,  a thickness 
of  less  than 100 m. 
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Fig. 42. Variation of 5-min  mean wind speed v5 a t  seven levels 
around i t s  respective 1-hr mean value,  VH, f o r  Data Set  I.  
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The var ia t ion  wi th  he ight .of  the  s tandard  devia t ion  of v e r t i c a l  
motion, 0 is  useful  in  determining  the  possible  controll ing  factors 
in   the  upper  and  lower  egions.  Values  of 0 obtained from  (28) 
a re  shown in Fig.  43 plot ted against  height .  Although the increase 
with height  of  this  var iable  is  due t o  t h e  l i m i t i n g  e f f e c t  of the 
proximity to the ground on osc i l l a t ions  in  the  ve r t i ca l ,  t he  shape  
of the curve is  determined by the type of  turbulent  act ivi ty  present  
through the layer. The curve obtained from the solution of (28 )  
may be compared wi th  theore t ica l  p rof i les  cor responding  to  pure ly  
forced  (mechanical)  and  free  (buoyant)  convection,  also shown i n  
Fig. 43. Lumley and  Panofsky (1964) show tha t  t he  change of uW 
with height for forced convection is given by the equation, 
W! 
W 
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i n  which A is a constant  and the remaining symbols a re  a s  i n  previous 
equatiogs.  For  free  convection,  these  authors  give the  equation, 
W 
(35) 
where €3 is a constant and the  o ther  symbols are  as  before .  When 
(34) and ( 3 5 )  are  solved by using 1-hr mean values for the dependent 
var iab les ,  the  theore t ica l  p rof i les  a re  as  i n  Fig. 43. Because 
t h e  1-hr mean wind p ro f i l e  fo r  Se t  I approximates the log-law 
profi le  very closely,  (32)  was used t o  c a l c u l a t e  t h e  wind shear i n  
(34) . I n  addi t ion ,  the  theore t ica l  ow p r o f i l e s  were forced  to  
coincide w i t h  the  observed  prof i le  a t  the  26-m l e v e l  by the choice 
of appropriate values for the constants A and B, which turned out  to  
be 1.55 and 4.49, respect ively.  The fact  that  the value of  ow is 
constant with height for forced convection is a d i r e c t  r e s u l t  of the 
wind prof i le  being logari thmic.  
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Fig. 43. Observed and theo re t i ca l  
p r o f i l e s  of the standard 
deviat ion of  ver t ical  
ve loc i ty  fo r  Data Set I. 
Dashed l i n e  shows the 
e f f e c t  of excluding har- 
monics w i t h  periods 
greater  than 1 min.  Dash- 
d o t  l i n e  is the  so lu t ion  
of  equation (38) i n  t e x t .  
Standard  eviation, IS ( m  sec 1 -1 
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The observed profile of ow l i e s  between the  theore t ica l  
p rof i les  for  forced  and free convection, as might be expected. 
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Observed values of the standard deviation approach the theoretical  
curve associated with forced convection a t  the  lower levels ,  while  
a t  the higher  levels  the observed uW curve approximates the pro- 
f i l e  due to  f ree  convect ion.  
The variation with height of the production of turbulent  
kinet ic  energy (KE) f o r  S e t  I is  shown in  F ig .  44.  Mechanical 
production of KE is  p r o p o r t i o n a l  t o  t h e  v e r t i c a l  s h e a r  o f  t h e  
horizontal  wind and may be obtained from the equation (Campbell 
e t  al . ,  1970) : 
" - 
2 E  
E: = u* m az I 
where crn is the product ion rate  of KE p e r  u n i t  mass due t o  
mechanical processes, and the remaining symbols are as before. 
Again, 3% az)-' w a s  ca lcu la ted  by using (32) . These authors give 
for the buoyant production of KE the equation, 
E = A  
h C j j T '  
P 
where E is  the production rate p e r  u n i t  mass of KE by  buoyancy 
processes, and the o ther  symbols are as before.  The curves i n  
Fig. 44 were determined by solving (36) and (37) with the use of 
1-hr mean values of the dependent variables. 
h 
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Fig. 44.  Variation of turbulent  kinetic-energy.(KE) 
production and Richardson number with height  
f o r  Data Set I. 
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The curve  labeled i- represents the  combined KE production 
by both  mechanical  and  buoyant means. The dominance of E over 
E near the  sur face  i s  due t o  the  la rge  wind shear near the  sur face  
and explains  why the  wind prof i le  can  be logarithmic near the 
ground even in  uns tab le  condi t ions .  A t  the upper levels where 
wind shear  is negl igible ,  the increase of  H with height (see Fig. 15) 
causes E t o  dominate E 
m 
h 
h m' 
From calculated values  of  the product ion of  turbulent  kinet ic  
energy, an estimate of the variation with height of u may be 
obtained from the  re la t ion  (Lumley and Panofsky, 1964) , 
W 
(38) 
where c is a constant and 6 is a c o e f f i c i e n t  t h a t  relates the 
re la t ive  e f f ic iency  wi th  which wind shear and convection produce 
turbulence (generally assumed t o  be $4) .  With values from Figs.  
43 and 44 f o r  uw, E ~ ,  and E ~ ,  (38) may be solved a t  the 26-m l e v e l  
f o r  c. I n  t h i s  case the value of the constant turns out to be 
around 1.5. Values  of CJ obtained  from  (38)  are shown in   F ig .  43 
as a function of height, and the observed and calculated values 
agree rather  w e l l ,  when one considers the assumptions used in 
solving (38) .  I t  is  not  un l ike ly  tha t  6 could be a function of 
height, thereby allowing an even better agreement between observed 
and theoret ical  values  of  0 
W 
W' 
The p ro f i l e  o f  E in  Fig.  44 is i d e n t i c a l  t o  p r o f i l e s  of the m 
mechanical production of turbulent KE appearing in  a recent  report  
by Lenschow (1974).   Profiles  of E appearing  in   that   report  show 
a l inear  decrease with height ,  but  the observat ions were made i n  
November i n  r e l a t i v e l y  c o l d  a i r  passing over the Great Lakes, so 
the conditions do not allow values of ch t o  be compared. 
h 
Also shown i n  Fig. 44 is the var ia t ion w i t h  height  of the 
Richardson number, R i ,  f o r  Se t  I defined by the equation (Lumley 
and Panofsky, 1964) , 
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i n  which the symbols are the  same as in  previous equat ions.  In  
(39) the r a t i o  of the exchange coefficients of heat and momentum 
is assumed t o  be 1. The rap id  decrease  in  Fti from approximately 
-0.004 (near-neutral)  a t  26 m is  indicat ive of  the rapid decrease 
with height of the magnitude of E ~ .  
The production of turbulent ICE by buoyancy processes dominates 
t h a t  by mechanical means from around 200 m t o  the  top  o f  t he  tower. 
The curve representing combined KE production exhibits a minimum. 
j u s t  below the 200-m l eve l ,  and above the  200-m l eve l  t he  p ro f i l e  
of R i  shows the a i r  becoming rapidly mre unstable with height.  
Therefore, i n  the region above the  t rans i t ion ,  the  charac te r i s t ics  
of t u rbu len t  ac t iv i ty  are determined by convection, while i n   t h e  
lower region they are functions primarily, of wind speed and 
surface  roughness. The sequent ia l ,  15-min, average,  wind-speed 
p r o f i l e s  shown i n  Fig. 2 1  support   this  proposit ion.   Regardless 
of the vertical-motion or heat-flux conditions (see Figs.  4 and 
15)  f o r  a p a r t i c u l a r  15-min period, the portion of the wind speed 
p r o f i l e  below about 200 m is  very closely logarithmic. Above the 
200-m level ,  systematic  deviat ions of  up t o  1 m sec  from the  
log-law p r o f i l e  are evident and, as poin ted  out  ear l ie r ,  are 
correlated with t o  the  genera l  f ie lds  of v e r t i c a l  motion and hea t  
f lux.  In addition t o  the variation with height of observed o 
Fig. 43 a lso displays the increase with height  of  the s tandard 
devia t ion  of  ver t ica l  ve loc i ty  conta ined  in  osc i l la t ions  wi th  
periods less than 1 min, which excludes a f a i r  p o r t i o n  of the  
harmonics due t o  convection. Whereas the  excluded  portion 
amounts to only around 1 7  per  cent  of  the total  observed ow a t  26 m, 
it accounts for approximately 38 per  cent  a t  444 m. Thus, the 
nature of the parameters of turbulence appears to be determined 
by convection a t   t h e  upper levels of the region penetrated by the  
NSSL tower and by wind speed and surface roughness a t  the lower 
leve ls .  
-1 
W' 
Lumley and Panofsky (1964) and Munn (1966) have proposed a 
model of the  f r ic t ion  layer  under  uns tab le  condi t ions  tha t  is 
s imi l a r  t o  that  suggested in  the previous paragraph,  except  in  
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their  choice of t h e  l e v e l  a t  which the  t r ans i t i on  from predomin- 
antly forced to free convection takes place.  However, the exact 
l eve l  where this takes place is  ce r t a in ly  a function of the 
r e l a t i v e  magnitudes of s t a b i l i t y ,  wind speed, and roughness, 
so the qualitative agreement of the two models still is good. 
Briefly,  these authors proposed that,  i n  the layer  adjacent  to  the 
ground, the  shear  production  term, E dominates  the buoyancy 
term, E under a l l   s t a b i l i t y   c o n d i t i o n s ,  so tha t   the   tu rbulen t  
s t ruc tu re  is s i m i l a r  t o  t h a t  found under neutral conditions. The 
layer  above this  surface layer  contains  ra ther  large-scale  
ver t ical  motions,  wel l  correlated w i t h  temperature, so that energy 
is  exported from this  region upward. I t  is suggested that t h i s  
"thermal turbulence" does not interact to a great degree w i t h  the  
"mechanical turbulence" a t  t h e s e  l e v e l s ,  and t h e  l a t t e r  must be 
relat ively small  due to  the small  magnitude of shear  a t  these  he ights .  
Results of the analysis of the two o ther  da ta  se t s  ind ica te  
m' 
h' 
tha t ,  for  per iods  on the order of 30 min or longer, the average 
wind-speed profile approaches a logarithmic shape as the friction 
layer  becomes  more unstable and convection becomes  more organized. 
The  mean wind values from Set I1 (see Fig. 23 )  tended t o  approach 
log-law values a t  success ive ly  h igher  leve ls  for  la te r  per iods ,  
as the layer penetrated by the tower progressed from a temperature 
inversion s i tuat ion to  unstable  condi t ions.  
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6. SUMMARY OF RESULTS 
This invest igat ion of  the detai led s t ructure  of  turbulence 
i n  the f r i c t i o n  layer below a height  of  500 m u t i l i zed  shea r ing  
stresses, ve r t i ca l  hea t  f l uxes ,  and s p e c t r a l  s t a t i s t i c s  c a l c u l a t e d  
from covariances and turbulent f luctuations determined from the  
f l u i d  motion. Results were drawn from the analysis  of  several  
hours of detai led observat ions under  unstable  and stable-becoming- 
unstable   condi t ions.   Specif ic   conclusions  reached  through  this  
invest igat ion include:  
1) In  the  uns tab le  f r ic t ion  layer  below 500 m, t he  va r i a t ion  
with height of wind speed averaged over periods of the order of 
15 min or longer tended to approach the logar i thmic  prof i le ,  
throughout the tower height.  In cases where convection is  still 
poorly organized, the log-linear law, 
was useful in determining the wind speed r e l a t i v e  t o  t h e  log-law 
value a t  a leve l .  
2 )  For the layer below 500 m, the v e r t i c a l  h e a t  f l u x  and 
s tandard deviat ion of v e r t i c a l  motion may be approximated by t h e  
equations,  
H = p C o  + H, - aT 
Pa t  
and 
respect ively.  
3)  For the   uns t ab le   f r i c t ion   l aye r  below 
vector shearing stress, v e r t i c a l  h e a t  f l u x r  and 
motion may be f i t  by the  empir ica l  re la t ions ,  
500 m, p ro f i l e s  o f  
variance 'of v e r t i c a l  
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and 
respect ively.  
4) The power spectrum  of l a t e r a l  v e l o c i t y  is dependent 
primarily apon s t a b i l i t y  above the inf luence of  the surface,  
while the spectrum of longitudinal velocity i s  dependent upon both 
s t a b i l i t y  and surface roughness. The sca l e  of v e r t i c a l  o s c i l -  
l a t ions  appears  to  increase  l inear ly  w i t h  height .  
5) I n  the  spectrum of longi tudina l  ve loc i ty ,  the  iner t ia l -  
like subrange extends from the high-frequency end into the range 
from 30 t o  10 cycles(10 min) . -1 
6) A zone  of t r a n s i t i o n  e x i s t s  i n  the  f r ic t ion  layer  near  
200 m. Turbulent  act ivi ty  i n  the lower region is control led by 
wind speed and surface roughness, while i n  t he  upper region con- 
vec t ive  ac t iv i ty  d i c t a t e s  t he  cha rac t e r  of turbulence. 
7) The approach of the observed mean wind p r o f i l e  t o  t h e  
logari thmic prof i le  fol lows the increase i n  convect ive act ivi ty  
as  the day progresses from ea r ly  morning to  ear ly  af ternoon.  
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